Modeling Cell-Extracellular Matrix Interactions: Spatial and Conformational Control of Ligand Presentation on Self-Assembled Monolayers by Lamb, Brian M.
  
 
 
 
 
Modeling Cell-Extracellular Matrix Interactions: Spatial and Conformational Control of 
Ligand Presentation on Self-Assembled Monolayers 
 
 
 
 
Brian Mathew Lamb 
 
 
 
 
A dissertation submitted to the faculty of the University of North Carolina at Chapel Hill in 
partial fulfillment of the requirements for the degree of Doctor of Philosophy in the 
Department of Chemistry 
 
 
 
 
Chapel Hill 
 
 
 
 
 
2011 
 
 
 
Approved by, 
 
Assistant Professor Muhammad N. Yousaf 
 
Professor Matthew Redinbo 
 
Professor Nancy Albritton 
 
Professor Linda Spremulli 
 
Associate Professor Marcey Waters  
 
 ii
 
 
 
 
 
ABSTRACT 
Brian Mathew Lamb 
Modeling Cell-Extracellular Matrix Interactions: Spatial and Conformational Control of 
Ligand Presentation on Self-Assembled Monolayers 
 
 (Under the direction of Asst. Prof. Muhammad N. Yousaf) 
 
 My doctoral research at the University of North Carolina at Chapel Hill has focused 
on developing tools for controlling the spatial and conformational presentation of surface-
bound ligands and biomolecules to cells. Technological developments in this area are 
important for modeling normal cellular functions and will enable a better understanding of 
the dynamic processes that perpetually occur between a cell and its surrounding extracellular 
matrix. The current needs of cell and cancer biologists are twofold: 1.) a simple method for 
controlling and orienting intracellular processes, such as cell migration, 2.) a solution-
orthogonal (reagent free) approach for actuating biomolecule conformation and binding 
affinity. I developed an inexpensive and effective technique for patterning haptotactic 
gradients that is capable of directing cell polarization, migration, and orienting cell mitosis to 
address these needs. Furthermore, a molecular strategy for reversibly controlling biomolecule 
conformation via electrochemical modification in the presence of cells was realized. 
Applications of this method for actuating cell adhesion and migration via an electrochemical 
switch were investigated. Together, both methods enable the control of complex cellular 
processes and will increase scientific understanding of cancer and disease etiology. 
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1. Introduction 
 
The extracellular matrix (ECM) is a structural support network immediately 
surrounding a cells’ lipid membrane that is crucial for regulating cell behavior.1-3. The ECM 
composed of numerous proteins, carbohydrates, peptides, and small molecules presented on 
surfaces, such as connective tissue. A major challenge in studying cell behavior is the 
quantitative analysis of biochemical interactions mediated by physical parameters. As an 
example, in cell adhesion, although two separate substrate-bound molecules may have a high 
specificity for interaction, the number of interactions required to support a given histological 
parameter depends on the physical characteristics of the supporting medium.  To analyze 
these processes, a solution-orthogonal (reagent free) platform for examining biochemical 
interactions at solution/surface interfaces is required.  
An ideal biotechnology platform for probing these interactions should have the 
following characteristics: 1.) the technology should contain a surface of reproducible 
composition that can be scaled up for high-throughput experiments, 2.)  the surface should be 
able to repel non-specific interactions, allowing interfacial enzyme-substrate/binding 
interactions to be quantified, 3.) the technology enables rapid pharmacological profiling of 
interfacial interactions via cell adhesion profiles, spectroscopy or other available means, and 
4.) an ability to spatially design the surface with obstacles or patterns that would normally 
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restrict cell interactions within its microenvironment for calculating the pharmacological 
impact of geometric constraints.  
  The research presented in this dissertation is focused on engineering surfaces for 
modeling cell interactions with ECM. The goals of designing spatially restricted, biologically 
relevant microenvironments for studying cell behavior and incorporating dynamic, 
switchable chemistry into a surface for modulating molecular recognition were both sought 
and achieved. These efforts have been applied to examine the effects of switchable 
biomolecules and surface gradients on cell adhesion, migration, polarity, and replication.  
 
1.1. Cell Behavior is a Consequence of Spatial Constraints 
 
Although there is no precise biochemical definition for ECM, its role as a scaffold for 
sustaining cell adhesion and migration is ubiquitous.1 Microenvironments of ECM affect 
fundamental cellular processes - such as adhesion, migration, replication, and apoptosis - in 
three major ways. 4 First nearby obstacles impose spatial constraints and limit interactions 
within the cell microenvironment. Second, interactions with chemicals (nutrients, hormones, 
oxygen content) of the adjacent solution phase volume may be limited by ECM contacts, 
which affect cell viability and access to growth hormones.5, 6 Finally, ECM-bound 
biomolecules can dictate cell viability, promote cell differentiation, and induce apoptosis. 7, 8 
The creation of micropatterns with minimum and maximum dimensions between 1 micron 
and 1 millimeter, dimensions of approximately the same size as single cells, are optimal for 
both inducing and observing cell behavior. The conventional approach to modeling cell 
behavior in spatially constrained environments is to confine cells to micropatterned islands 
presenting peptides and proteins that bind integrin receptors (Figure 1.1). Integrins are  
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Figure 1.1 Cell adhesion to ECM is mediated by integrin receptors. Shown: general αβ-
integrin receptor binding to a cell adhesive protein fibronectin (FN).  Binding initiates focal 
adhesion formation and actin polymerization which drives cell migration and growth.  
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transmembrane receptors that mediate cell adhesion to the ECM.4 When integrin receptors 
recognize adhesive proteins or peptides, they promote the formation of focal adhesion 
complexes called plaques that initiate actin polymerization.4, 9 This results in cytoskeletal 
reorganization and ultimately facilitates normal cell adhesion and migration. 9-11  As a 
testament to both the importance of the technology and to the novelty of the biological 
finding, it was previously found that geometric constraints and available adhesive surface 
area are critical parameters for proper cell function. If the available surface area and volume 
a cell is exposed to is insufficient for a given cell histology, apoptotic pathways are 
initiated.12  These experiments point to the importance of geometric constraints for in vivo 
cell behavior and reiterate the impetus for studying geometry as a biochemical parameter. 
 
1.2. Self-Assembled Monolayers on Gold: An Ideal Interfacial Modeling Scaffold 
SAMs are an ideal tool for studying interfacial cell-surface interactions for several 
reasons.13 The choice of gold substrates is made for 3 key reasons. First, SAMs formed on 
gold are more reproducible and have higher coverage than SAMs on other metals due to 
strong thiol-gold interactions. The monolayer has a high density (~1014 molecules per cm2) 
preventing monolayer degradation by reducing exposure of the underlying gold substrate to 
aqueous environments under biological conditions.14, 15  Second, a variety of characterization 
methods are available for electrically conducting surfaces. Scanning electron microscopy 
(SEM), transmission electron microscopy (TEM), surface plasmon resonance (SPR), and 
infrared spectroscopy (IR) are all commonly employed to characterize SAMs. Furthermore, 
thin layers of gold are optically transparent and permit microscopic analysis of cell behavior 
on the surface. Finally, SAMs on gold (figure 1.2) or electrode surfaces are  
 5
 
 
 
 
 
 
 
Figure 1.2 Design features of SAMs on gold. 1) Metal substrate (gold)has high affinity for 2) 
ligand head group (thiol), creating the stable SAM. 3) Hydrophobic spacer enhances 
uniformity and prevents degradation. 4) Terminal functional group permits chemical 
modification, molecular presentation, and determines macroscopic properties.   
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electrochemically switchable, permitting solution-orthogonal functional group modulation.16-
20
  
 The design features inherent in SAMs on gold are summarized in Figure 1.2. 
Alkanethiols and disulfides form reproducible SAMs gold surfaces via chemisorption.  Both 
sulfur moieties are stable under ambient conditions, have generally orthogonal reactivity with 
most organic functional groups allowing for flexibility in molecular design, and furthermore 
are concealed from reactivity at the interface of the SAM with surrounding chemical 
environments.13 The incorporation of a long hydrophobic alkane tail promotes monolayer 
uniformity, maximizes Van der Waals interactions, minimizes free energy, and provides a 
monolayer tilting angle and is critical for creating an ordered monolayer. The packing 
efficiency due to a 12-carbon alkanethiol results in a crystalline carbon covering on the 
surface, preventing exposure of the gold substrate.14, 15, 21-23 Once these key features are in 
place, nearly any terminal functional group, which controls many of the macroscopic 
properties of the surface,  can be incorporated into a monolayer at a desired mole fraction (χ) 
of surface coverage. 13, 24 
1.3. Microfabrication and Surface Patterning 
 
The conventional platform technologies for imparting micropatterns to polymers and 
surfaces, such as SAMs, are based on combinations of soft lithography and photolithography.  
Soft lithography relies on general microfabrication technology to create a template for 
polymer molding.25-27 This methodology allows relatively facile fabrication of both 
poly(dimethyl)siloxane (PDMS) microcontact printing stamps and microfluidic devices. 
After a microfabrication process, PDMS stamps can be readily used to pattern small 
molecules onto surfaces. Microcontact printing ((Figure 1.3, µCP) is a simple three-step  
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Figure 1.3 Surface patterning via microcontact printing. A) A PDMS stamp with molded 
convex microfeatures is inked with a permeable alkanethiol. B) The stamp is dried and then 
depressed onto a surface (eg. gold) to micropattern alkanethiol exposure to the surface. C) 
Removal of the PDMS stamp reveals a micropatterned SAM.   
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process used to imprint SAMs onto surfaces: 1.) ink, 2.) print, 3.) and surface rinsing. During 
the ‘print’ phase, the alkanethiol diffuses from the PDMS onto the surface and rapidly forms 
a SAM.28 This classic methodology has enabled rapid generation of SAM features between 
10 µm and 1 mm for nearly twenty years.  
 PDMS microfluidic devices can be produced by an identical stamp 
manufacturingprotocol. The difference between microcontact printing stamps and 
microfluidic devices lies in comparison of the micropatterns molded into the PDMS. 
Concave long and connected web-like channels are molded into PDMS microfluidic stamps 
versus convex island features on the surface of microcontact printing stamps. Fluid flow is 
induced by an external vacuum or syringe pump that draws fluid into and out of the device 
through access channels. An illustration of the utilization of a microfluidic device to pattern 
surfaces is shown in Figure 1.4. Microfluidic devices are commonly utilized to produce 
chemical gradients via fluid diffusion in multi-channel devices.  
Until now, no method has been available to produce gradient features with the 
convenience of µCP. The work in this dissertation demonstrates a new technique that 
simplifies the production of surface patterned gradients on SAMs. It combines alkanethiol 
permeation into PDMS microfluidic devices with the classic microcontact printing technique  
1.4. An Introduction to Switchable Chemistry and Quinonoid Chemistry 
 
 Switchable chemistry is a critical component of dynamic polymers,29 
molecular electronics,30 nanotechnology,31, 32 biomolecules, and enzymes.33 In every cell, 
protein phosphorylation controls integral metabolic processes. Redox mediators such as 
NADH, FADH2, and ubiquinone, can control protein folding and structure.34  In neurons, 
action potentials are triggered by voltage-gated ion channels that open and close in response 
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Figure 1.4 Utilization of PDMS microfluidic devices for patterned fluid delivery to surfaces. 
A, B) A microfluidic device is sealed onto a surface. C) The device is connected to an 
external pump or other apparatus that introduces fluid and permits flow to occur. D) Fluid 
flows through the device, patterning only regions of the surface exposed to microfluidic 
channels. E) The microfluidic device is removed from the surface, revealing the chemically 
modified surface. 
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to changes in charge equilibrium.35 All of these examples, a few of many, illustrate the 
importance of switchable molecular ‘gates’ within living organisms, and underscore the 
importance of research dedicated to exploring and developing switchable biomaterials for 
applications at the frontier of biomedical research.33 
 There are many types of chemoselective chemical switches that are commonly 
observed and utilized in biochemistry and materials science. These include photochemical 
switches, such as photolabile ‘cage’ molecules or photoisomerization reactions,36-39 electrical 
switches, in which an applied electric field can modify molecular properties,40 and ligand-
activated switches, such as allosteric inhibitors, that cause conformational changes in 
proteins or polymers.41  
 One of the focuses of this dissertation is electrochemical switches that respond to 
changes in the redox potential of their local chemical environment. Electrochemical switches 
are more numerous than any other type of switch in biology and advanced materials owing to 
the diversity of redox-active organic molecules and metals available. Some common redox 
switches include quinonoids, ferrocenes, porphyrins, tetrathiafulvalene, and cyclic 
bipyridines, many of which have been utilized in biochemical reactions or tailored for 
nanotechnology.30, 42, 43 These switches can be activated and controlled by oxidation and 
reduction reactions, either by oxidizing and reducing agents in solution or direct 
electrochemical modification via voltammetry.  
Although several redox-active molecules exist, a focus of this dissertation is on 
quinonoid based materials. Quinonoids are a special class of redox-active phenols that 
possess unique reactivity. Organic chemists have studied these compounds for their novel 
and occasionally unpredictable reactivity. This has led to the development of a vast number 
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of methodologies for their synthetic modification and ultimate incorporation into functional 
materials. 
 Hydroquinones (HQ or 1,4-dihydroxybenzenes) are redox-active and can be 
converted chemically or electrochemically to benzoquinones (BQ or p-benzoquinones). Both 
HQ and BQ forms have similar and orthogonal chemical reactivity.  The mechanisms for the 
interconversion between these two forms are well-known and can be classified as one and 
two electron processes depending on the conditions of the reaction (Figure 1.5, top).44, 45 
Mild oxidizing agents, such as iron(III), copper (II), dissolved molecular oxygen, or other 
organic oxidizing agents like NBS, convert HQ rapidly and in high yields into BQ. 
Hydroquinones can also be oxidized electrochemically in both aqueous and non-aqueous 
solutions by applying electrochemical oxidizing voltages. The conversion of BQ to HQ can 
also occur electrochemically or with chemical reducing agents such as lithium aluminum 
hydride and ascorbic acid. Although the redox-state can be manipulated relatively easily, this 
electrochemical reactivity can lead to both unexpected synthetic difficulty and novel 
chemoselectivity.  
Hydroquinones have enhanced nucleophilicity compared to normal aromatic systems, 
due to electron donating effects of the 1,4-dihydroxyl groups (Figure 1.5, Left). 
Hydroquinone can react with acrylate derivatives in an electrophilic substitution reaction 
(BQ is also substituted by acrylates).46, 47 Although common aromatics are normally 
unreactive towards electrophiles such as bromine and peroxyacids, electrophilic substitution 
readily occurs even in the absence of Lewis acid catalysts. The phenolic groups can also be 
substituted with silanes and other protecting groups, which in some instances can be removed 
electrochemically.16 Furthermore, due to its ability to undergo one-electron transfer  
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Figure 1.5 (Top) Redox-interconversion of hydroquinone and quinone (left) Reactivity of 
HQ. a and b) Radical addition reactions occur at ‘C’ and ‘O’ positions. c) Electrophilic 
addition- dihalides (Br2), peroxyacids (RCO3H), acrylates; d) Phenol reactivity with 
electrophilic reagents (eg. Halosilanes, hydroxyl protecting groups). (right) Reactivity of BQ. 
e) Diels-Alder with cyclopentadienes, dienes. f) 1,3-dipolarcycloaddition with alkylazides 
(R-N3). g)Oxime/hydrazone coupling products(Y = O, N, R= H, alkyl). h) reductive Michael 
addition of thiols, amines, alkoxides, (Z = N, O, S). 
 
 
 
 13
processes, HQ are also excellent radical scavengers. Oxidative radical addition or 
substitution reactions can readily occur at phenolic and aromatic reaction centers (carbon and 
oxygen), though selectivity may be difficult to control (BQ can undergo reductive radical 
addition in a similar manner).45, 48 In general, the reactivity of HQ tends to be less specific 
than that of BQ, owing to multiple reaction pathways for the same set of conditions 
(electrophilic substitution on the phenol vs. aromatic ring), which is both advantageous and 
problematic in designing valid syntheses.45 
Benzoquinone reacts similarly to α-β unsaturated ketones, and although it shares 
some common reactivity with hydroquinone, BQ orthogonally participates in three 
chemoselective and generally high yield reactions: Michael additions, cycloadditions, and 
carbonyl-specific couplings (Figure 1.5, Right). Michael addition to BQ is commonly 
performed with substituted amines, alkoxides, and thiolate nucleophiles and is distinctive 
because it produces the substituted hydroquinone after 1,4-addition.45 This effect, termed 
reductive Michael addition, is especially useful for materials design because the redox-
activity of the product remains intact.49 Benzoquinones are also excellent dienophiles, due to 
alkene conjugation to two ketones, and are able to react via cycloaddition. The reaction can 
occur under mild conditions with cyclopentadienes and other electron rich, conformationally-
restricted dienes.45 Furthermore, it has been shown that BQ reacts with alkylazides in 
moderate yield by heating for an extended period of time.50 Although not quantitative in 
yield, if a suitable catalyst that lowered the activation barrier for this cycloaddition reaction 
were discovered, this would provide a practical methodology for achieving electrochemically 
controlled cycloaddition with commonly used alkyl azides.  
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In addition to the reactivity of the alkene, the carbonyl groups can react with 
nucleophiles whose highest occupied molecular orbital matches the lowest unoccupied 
molecular orbital energy level of the quinone carbonyl.51 Aminooxy-terminated molecules, 
due to the α-effect of the neighboring oxygen atom, avoid traditional Michael addition 
pathways and react rapidly with BQ ketone groups to form an oxime conjugate (Qox)that is 
stable in acidic and neutral solutions. 19, 45 Hydrazines also react with BQ to form stable 
hydrazones, and are excellent intermolecular coupling agents for quinonoids in general. 
 Hydroquinone-terminated SAMs on conductive surfaces can be reversibly 
interconverted between HQ and BQ redox states.52 Chan and coworkers developed a HQ/BQ 
dependent catalytic surface for attaching and releasing aminooxy-containing peptides on 
SAMs on gold (Figure 1.6).19, 53 It was demonstrated that amino-oxy terminated ligands react 
chemoselectively with BQ on surfaces and in solution, forming a stable oxime-coupled 
product. The kinetics of Qox formation on could be assessed in real-time by using cyclic 
voltammetry (CV), which showed a shift in the redox potential as Qox formation occurred. At 
neutral pH, the oxyamino-phenol (AP) is unstable, and applied reducing potentials lead to 
loss of the aminooxy attached ligand. The released product was shown to be an alcohol, 
implicating N-O heteroatom bond cleavage in the release mechanism. Although the 
mechanism of this release has not been fully addressed, it is presumed that the oxyamino-
phenol (AP, reduced form) is unstable in aqueous pH 7.4 environments, resulting in oxidative 
loss of the alcohol and reversion of AP to BQ.  
1.5. Background Summary 
 
 Two main research topics are addressed in this dissertation. First, a new method for 
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Figure 1.6 Electrochemical, catalytic ligand immobilization strategy for SAMs on gold. In 
pH 7.4 aqueous solution, oxime-immobilized benzoquinone monolayers can be  
electrochemically reduced, resulting in loss of an alcohol terminated ligand. Immobilizing 
the Arg-Gly-Asp (RGD) peptides to the surface allows integrin- mediated adhesion and 
release of cells from the surface. 
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patterning haptotactic surface gradients with microfluidic devices was achieved and applied 
towards understanding cell adhesion, migration, cell division, and cell polarity.  The 
important concepts by which new surface patterning techniques were invented rely on 
microfabrication and soft lithography to produce microfluidic devices in which alkanethiols 
can permeate and diffuse, and subsequently be printed onto surfaces. Second, a dynamic cell 
ECM was designed to control small molecule conformation on surfaces by incorporating 
switchable. The switching mechanism is based on redox-active HQ molecules that can be 
electrochemically activated to bind and release aminooxy terminated biomolecules. 
Subsequent chapters will delineate more background and results from these studies. 
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2. Synergistic Microfluidic Etching and Functionalization of Biomaterials 
For more details see: Lamb et al, ChemBioChem 2008, 9, 2220-4 
Biomaterials manufacturing, including polymers and surfaces, requires methods for 
performing multiple sequential surface modifications. Although standard methods for 
micropatterning surfaces traditionally rely on soft lithography and microcontact printing, 
these methods are not ideal for multi-step surface modifications that may be required for site-
selective molding and chemical modification. This is due to the micrometer scale precision 
required for consecutive surface manipulations.  
 PDMS microfluidic devices can be reversibly sealed to most surfaces and allow 
multiple chemical reactions to be performed with high precision without removal of the 
device from the surface. I sought to apply this multi-step synergy to patterning visually 
apparent SAMs and for molding and functionalizing the surfaces of biodegradable polyesters. 
Both methods illustrate the elegant use of a microfluidic device for performing consecutive 
surface manipulations that are unable to be achieved by conventional micropatterning 
techniques.   
 
2.1. Patterning Visually Apparent Chemoselective SAMs with a Microfluidic Device 
 
 The ability for a cell to adhere, polarize and migrate is influenced by the complex and 
dynamic ECM. The development of new tools for probing the intricacies of these processes 
is imperative to determining the role of the ECM’s effect on directed cell migration, tissue 
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repair, embryogenesis, and cancer metastasis.1, 2  Self-assembled monolayers (SAMs) of 
alkanethiolates on gold have been utilized as model systems to study and simulate cell 
interactions with ECM components in a controlled environment and several methods have 
been explored for patterning SAMs in specific geometries (see Chapter 1 for an overview).3, 4    
 SAM patterns are not visible by conventional light microscopy techniques. Thus, 
tracking and accurately predicting cell migration on complex patterns and geometries are 
difficult because the precise boundaries to which a migrating cell is confined cannot be 
visually verified.  To ameliorate this problem, gold coated microscope slides have been 
etched down to the glass support to confine cells onto patterned geometries of protein by 
utilizing the protein adhesion resistant advantages of polyethyelene glycol SAMs on gold.5 
While this method enables pattern visualization, cell adhesion to the surface is no longer a 
precise ligand-receptor mediated interaction and the great variety of biospecific ligand 
immobilization strategies developed for SAMs can no longer be utilized. I developed a 
microfluidic lithography (µFL) technique to enable consecutive partial etching of a gold 
surface with dilute triiodide solutions followed by SAM formation to produce model surfaces 
that enable vivid pattern recognition. These surfaces were applied to preliminary studies of in 
vitro cell polarity orientation as cells migrate around easily discernable ECM obstacles.  
 
2.2. Multistep Surface Modification with Microfluidic Lithography 
 
 A microfluidic lithography (µFL) strategy utilizing PDMS microfluidic devices to 
immobilize and visualize ligand patterns is outlined in Figure 2.1. A microfluidic device was 
reversibly placed on to a gold surfaces to achieve spatial control of fluid flow. Two surface 
manipulations were performed: to partially etch the gold surfaces, a 200 µL dilute triiodide 
etching solution (18 mM KI and 4.3 mM I2 in ethanol) was flowed into the microchannels 
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Figure 2.1 Schematic for the generation of patterned chemoselective SAMs on partially 
etched gold. A) A PDMS microfluidic device is reversibly sealed to a  bare gold surface.  B) 
A dilute triiodide etch solution is flowed into the microfluidic cassette for 10 s to create 
visually apparent features. C) Rinsing with a solution of absolute ethanol and water, followed 
by flowing 1mM HQ-EG4 in ethanol for 60 s generates a partial SAM on the visually 
apparent regions. D)  Removal of the PDMS device. E) immersion of the substrate in 1 mM 
EG4 in ethanol solution for 8 h creates an inert SAM background resistant to protein and cell 
adhesion in non-etched regions.  Depending on the identity of R-SH, several chemoselective 
surface-functionalization methods are compatible with the methodology.  
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and allowed to etch for 10 s.6 Without removing the PDMS stamp, the channels were rinsed 
and a HQ SAM was formed by flowing hydroquinone tetra(ethylene-glycol) undecanethiol 
(0.2 mM, HQ-EG4) through the microfluidic device for 30 s. The choice of HQ-EG4 SAMs 
was made to provide both a chemoselective ligand immobilization method for examining 
integrin mediated ECM interactions and electrochemical characterization of overall SAM 
quality on the partially etched gold surfaces.7-9 During the period of alkanethiol exposure, an 
incomplete SAM forms on the gold surface exposed to fluid in the microchannels. The 
PDMS device is then removed from the gold surface, and the substrate is submersed in 1mM 
tetra(ethylene-glycol)undecanethiol (EG4) solution at room termparature for 8 h to render 
unpatterned regions of the gold surface inert to cell and protein adhesion and to order the 
HQ-EG4 SAMs. Experimental characterization enables us to conclude that the etching 
process does not affect the ability of the gold to form an ordered SAM, which completely 
prevents non-specific cell adhesion. Depending on the nature of the alkanethiol patterned in 
the etched region, several immobilization reactions can be employed to install a variety of 
ligands chemoselectively to the etched regions. When viewed under magnification on a light 
microscope, the ligand pattern localized in the partially etched regions is readily visible as a 
bright pattern against the darker unetched gold surface (Figure 2.2).   
 Electrochemical conversion of HQ to BQ requires two electrons and two protons. 
These redox potentials vary depending on the local chemical environment, owing to 
differences in proton availability (i.e. pH, hydrogen bonding). For this reason, 
electrochemical characterization of SAMs on the surface with cyclic voltammetry (CV) was 
used to characterize both the quality of the SAM on partially etched gold and the extent of 
amino-oxy-terminated biomolecule immobilization onto the surface. Cyclic voltammagrams 
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Figure 2.2 Controlling the amount of gold etch and therefore gold thickness by the duration 
of triiodide solution in the microfluidic channels.  Gold thickness was determined by linescan 
measurements of surface transparency with Metamorph imaging software. A) A 24 nm gold 
surface on a glass slide was completely etched showing a patterned gold and glass substrate. 
Gold was etched 24 nm. B) Partially etched surface for 20 s. Gold was etched 13 nm. C) 
Surface etched for 10 s. Gold was etched 8 nm. D) Bar graph of etch results. 
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of HQ-EG4 SAMs on freshly evaporated gold and partially etched surfaces were first 
compared to determine whether the chemical environment surrounding the hydroquinone 
SAMs were identical. The partially etched surface shows two distinct redox peaks (HQ/BQ) 
at 570 and 290 mV, which correlates with standard oxidation and reduction peaks for this 
molecule on unmodified gold (Figure 2.3). Chemoselective immobilization of amino-oxy 
terminated molecules to BQ on the surface resulted in two redox peak shifts to 483 mV and 
342 mV, for the oxidation and reduction peaks respectively. These redox peaks confirm the 
ability of the HQ SAM to tether biomolecules via oxime formation. The quality of the SAM 
was further verified using cyclic voltammetry to calculate the maximum density of 
electroactive molecule on the partially etched regions.7, 10 As a sample for calculation, the 
total area etched and therefore total area of installed electroactive hydroquinone was 0.375 
cm2. The total current for the hydroquinone SAMs on this partially etched area was 
calculated to be 4.05 µC with the equation Q = nFAΓ (Q represents total charge, n = mols of 
electrons (2), F = Faraday’s constant, Γ = molecules per surface area).  An HQ SAM on 
unmodified gold of should theoretically have a total of ~1 x 1014 (3.75 x 1013 for 0.375 cm2) 
electroactive molecules on the surface if a full monolayer is present on the surface. We found 
experimentally on the partially etched surface a density of 3.38 x 1013 molecules on the 
etched surface, closely approximating the density of a SAM on unmodified gold.  
  
2.3. Cell Polarity During Migration Around ECM Obstacles 
 
 The visually apparent partial etches allow for ligand pattern visualization on 
biomolecule tailored surfaces that are compatible with live cell high resolution microscopy. 
For cell biology studies, a mixed alkanethiol solution containing HQ-EG4 (10%) and  EG4  
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Figure 2.3 Electrochemical characterization of HQ SAMs on partially etched gold. A) 
Brightfield micrograph of a partially etched surface. B) Sideview representation of a partially 
etched patterned SAM. C) The hydroquinone was activated by electrochemical oxidation to 
the benzoquinone and subsequently reacted with amino-oxy terminated ligands to generate a 
stable oxime-tethered biomolecule.  D) Cyclic voltammetry of the surface showed diagnostic 
redox signals for the HQ-BQ and the Qox/AP product.  Integrating the waves provided a 
quantitative measure of the amount of oxime product on the partially etched regions.  
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(90%) was used during µFL (1 mM R-SH in EtOH, 1 min exposure). After patterning and 
backfilling with EG4, the surface was activated with a 750 mV oxidation potential for 10 s 
convert the HQ to the reactive BQ. Coupling a synthetic cell adhesion peptide, amino-oxy 
terminated Arg-Gly-Asp (RGD, the minimum adhesion peptide for fibronectin8), provided a 
surface for examining integrin mediated cell adhesion. Cells seeded to the surface only 
adhered to the partially etched regions of the gold where RGD-presenting SAMs were 
localized.  
 With cell adhesion onto the patterned regions confirmed, a preliminary study was 
undertaken to determine the correlation between cell polarity and direction of migration. The 
role of cell polarity, approximated by the relative positional vector of the concentrated Golgi 
and nucleus in directed cell migration, is a fundamental question in cell motility. We were 
especially interested in this inquiry because of the dual roles cytoskeletal proteins, such as 
actin and microtubules, exhibit both in organizing the intracellular compartments and for 
adhering cells to surfaces. It was sought to use the µFL methodology to determine the 
relative orientations of the Golgi and nucleus when the cell changes direction and migrates 
around corners.  
 It is unclear how the nucleus to Golgi vector is oriented during directed cell migration 
through a turn. A number of different experimental observations and theories have been 
proposed: 1) The vector always points in the direction of migration, 2) the vector is random 
and does not consistently point in the direction of migration, 3) the Golgi remains 
concentrated, but moves to the rear of the nucleus during a turn; it then becomes diffuse, 
reorients itself to the front of the nucleus in the direction of migration, and reconcentrates 
after the turn is completed.11-16 With the visually apparent biomolecule immobilized surfaces, 
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the nucleus to Golgi vector could be measured in live cells as they predictably change their 
direction of migration.  
 Using the µFL technique, an experimental assay was designed to monitor in real-time 
cell polarity as a cell responds to navigational cues within its ECM. Visually apparent right-
angle patterns were designed to force migrating cells to change their direction of migration as 
obstacles are encountered. To enable measurement of the orientation of cell polarity vectors, 
a genetically modified Rat2 fibroblast cell line was acquired encoding mCherry-labelled H2-
histone and GFP-α-tubulin. These genetic modifications enable live-cell high resolution 
microscopy of the cell nucleus and Golgi, allowing measurements of cell polarity.17 Upon 
cell seeding, the cells adhered only to the partially etched regions of gold because the RGD 
ligands were localized in these areas only. Cell migration was observed on the partially 
etched surface over a period of 12 h (Figure 2.4). The cells stayed confined to the etched 
regions and the Golgi was concentrated toward the leading edge of migration. Although only 
preliminary data were obtained, our results suggest that the polarity vector (nucleus to Golgi) 
reorients after completion of a directional turn around corners. 
 
2.4. Summary - Visually Apparent SAMs for Monitoring Cell Migration  
 
 In conclusion, we have developed a methodology to allow visual registration of SAM 
regions on gold ligand patterns. PDMS microfluidic devices provided spatial control over 
gold etching and SAM formation. To characterize the surfaces and immobilize ligands, CV 
was used to determine the identity, redox couples, and density of HQ-EG4 SAMs on partially 
etched gold compared to unmodified gold substrates. An application of these micropatterned 
surfaces was demonstrated for determining the cell polarity during migration. The combined  
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Figure 2.4 Multiwavelength time-lapse live-cell fluorescence microscopy of transfected Rat2 
fibroblast cells undergoing directed migration on partially etched electroactive RGD 
presenting SAM gold surfaces. The partially etched regions appear lighter in the 
micrographs. A) Initial position of cells on the etched region of the gold. Red = Nucleus. 
Green = Golgi. B) An image taken 12 hours later after cell migration had occurred in the 
etched regions of the gold.  
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ability to pattern partially etched gold surfaces, install and pattern a variety of alkanethiolates 
provides a synergistic methodology that enables the observation and study of a variety of cell 
adhesion, migration, and growth dynamics on molecularly tailored gold surfaces.  
Microfabrication methods to generate layered microfluidic devices will allow for the etching 
and/or patterning of alkanethiolates in isolated regions to generate complex but addressable 
geometries and patterns on the surface. 
 
2.5. Materials and Methods - Visually Apparent SAMs 
 
Synthesis of alkanethiols and peptides. The undecane thiols terminated with tetra(ethylene 
glycol), hydroquinone–tetra(ethylene glycol), and of RGD–oxyamine were synthesized as 
reported previously.7, 18, 19 
Electrochemistry. All electrochemical measurements were made by using a bioanalytical 
Systems Epsilon potentiostat. An Ag/AgCl electrode served as the reference, the gold 
monolayer acted as the working electrode, and a platinum wire served as the counter 
electrode. The electrolyte was HClO4 (1 M) and the scan rate was 100 mVs-1. All 
measurements were made in a standard electrochemical cell.  
Microfabrication. The microchips were fabricated by using soft lithography.20 Patterns were 
fabricated by using masks drawn in Adobe Illustrator CS3 and photoplotted by Pageworks 
onto transparencies. The SU-850 (MicroChem, Newtown, USA) was patterned by using the 
manufacturer’s directions, and a 100 mm channel depth was obtained with these masks. 
Slygard 184 (Dow Corning) was cast onto the mold by using a 1:10 ratio of Pt curing catalyst 
to elastomer (w/w). The prepolymer was degassed for 15 min and then poured over the mold. 
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The prepolymer was then cured for 1 h at 75oC. The PDMS was removed from the master 
and access holes were punched into the PDMS to allow fluid flow. 
Preparation of monolayers. Gold substrates were prepared by electron beam deposition of 
titanium (6 nm) and gold (24 nm) on 24 mm 100 mm glass microscope slides. The slides 
were cut into 1 cm2 pieces and washed with absolute ethanol before use. 
Chemical gold etch. A PDMS microfluidic stamp was reversibly sealed to a gold substrate. 
To chemically etch the gold surface, a solution containing potassium iodide (18 mM) and 
iodine (4.3 mM) was flowed into microchannels for various lengths of time (Figure 2.2) to 
partially etch the gold layer. By controlling the duration of the etch conditions, it was 
possible to control the amount of gold etched. Once the gold had been etched, flowing water 
and then ethanol (30 s each) were used to clean the microchannels. 
SAM Formation.  For the patterned and electroactive surface characterization, a 1 mM 
solution of HQ-EG4 in ethanol was flowed into the channels for 30 s to install a SAM on the 
etched regions. The microfluidic device was then removed and the remaining bare gold 
regions were backfilled with EG4 for 10 min. Cyclic voltammetry was used to determine the 
density of electroactive HQ-EG4 on the etched regions. For cell biology studies, a mixed 
SAM that contained HQ-EG4 (10%) and EG4 (90%) was flowed through the microchannels 
(1 mM total, 1 min). The microfluidic cassette was then removed, and the remaining bare 
gold regions were backfilled with EG4 (1 mM) for 8 h. The surface was electrochemically 
oxidized and the BQ surface was treated with amino-oxy-RGD (1 mM, 2 h) to install the 
peptide on the surface for subsequent biospecific cell adhesion and migration studies. 
Oxyamine coupling reaction. The surface was activated with the application of 750 mV for 
10 seconds to oxidize the HQ to the reactive BQ. For surface characterization, oxyamine 
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acetic acid (250 mM) was added and incubated on the surface for 2 h. For cell experiments 
the same activating conditions were used but RGD–oxyamine peptide was immobilized to 
the surface (1 mM, 2 h). 
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3. Surface Gradient Fabrication and Assays for Cell Orientation Behavior 
For more details, see  Lamb et al, Langmuir 2010, 26(15), 12817-12823. 
3.1. Introduction 
 
Directed cell and tissue migration in space and time is crucial for many fundamental 
biological processes including wound healing, metastasis, inflammation, and development.1, 2 
For these phenomena, the precise timing and movement of cells and tissue are guided by a 
complex interplay of soluble molecules, ECM immobilized ligands, and physicomechanical 
forces.3, 4 The ability for cells to compute, interpret, and then decide cellular function based 
on information from the dynamic microenvironment underlies the very nature of cellular 
systems biology. Cell behavior is often guided by gradients of soluble factors (chemotaxis) 
and adhesive ECM (haptotaxis), both of which provide function-specific and navigational 
information. 
To model cell guidance due to ECM, methods are required for imparting surfaces 
with haptotactic biomolecules and patterns. One ideal biotechnology platform for examining 
these interfacial interactions is SAMs of alkanethiolates on gold. The creation of well defined 
SAM gradients has been extensively researched and several experimental setups have been 
designed to impart gold surfaces with molecular gradients.5  Although many methods are 
available, the most widely used methods harness complex photochemical or microfluidic 
approaches to generate gradients on surfaces.6-21 Until now, there have been no techniques 
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that allow for rapid and inexpensive printing of chemoselective gradients in patterns and 
radial geometric patterns. This capability would significantly enhance studies of complex cell 
behavior on model substrates by enabling a routine and facile manufacture of biologically 
relevant SAM gradients with geometric patterning control. Such a methodology would 
greatly simplify the technological requirements for studying biological phenomena at surface 
interfaces, and would immediately enable a greater number of chemists and biologists to 
investigate cell guidance behaviors elicited by molecular surface gradients. 
A new methodology is presented utilizing controlled solute permeation and diffusion 
(SPREAD) of alkanethiols into PDMS microfluidic devices to print chemical gradients onto 
surfaces.22 It is demonstrated that chemoselective alkanethiols can permeate and diffuse into 
a PDMS microfluidic device and then be printed directly onto a gold surface to form a 
gradient SAM. Cell polarity, cell migration, and cell division orientations were found to be 
influenced by the produced surface gradients presenting an immobilized cell adhesive Arg-
Gly-Asp (RGD) peptide. The SPREAD technique and its combined applications are flexible 
and capable of scale-up for performing cell based assays of fundamental cell behaviors 
(adhesion, polarization, migration, growth, differentiation). 
 
3.2. Microcontact printing well-defined SAM gradients 
 
For many microfluidic and soft lithography applications of PDMS, the permeability 
of solvents and small molecules into the polymer outside the intended channels is considered 
a severe limitation to its usefulness as a polymer material for microfluidic devices. This 
known limitation has accelerated the development of less solvent/reagent permeable 
polymers to retain the reagents within the proper channels in the microfluidic device.23, 24  
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Due to its ubiquitous use in soft lithography applications, PDMS has been investigated for 
organic solvent permeation and diffusion for a number of applications.25-27  
Based on experimental findings in previous publications,28 we sought to control the 
diffusion of alkanethiols into microfluidic devices and simplify the creation of SAM surface 
gradients. A three-step experimental procedure was devised to ink the microfluidic device 
with a chemical gradient (Figure 3.1). In PDMS microfluidic devices, alkanethiols are 
extracted from solution within into the side-walls of the surrounding polymer matrix. By 
controlling both the concentration of alkanethiol solution flowed through the microchannels 
and diffusion time within the PDMS, reproducible alkanethiol gradients emanating from the 
channels of the microfluidic device are produced. The gradient can be stamped onto a gold 
surface to form a gradient SAM, as with µCP (See Chapter 1.3).  
To generate patterned and chemoselective gradient SAMs that can be applied to 
examine cell behaviors, we used the SPREAD strategy to print an oxyamine-terminated 
alkanethiol (1, Scheme 3.1, Figure 3.2). The choice of 1 to form a gradient SAM was decided 
based on three considerations: 1) the oxyamine group reacts rapidly and chemoselectively 
with ketone-containing ligands to generate a stable interfacial oxime conjugate, 2) the 
coupling reaction is biocompatible, and 3) the reaction is synthetically flexible where the 
ketone functional group can be easily introduced into many biomolecules via routine solid-
phase or solution chemistry.12 Performing the SPREAD technique with an oxyamine-
alkanethiol in a microfluidic device creates a chemical gradient that can be stamped onto a 
bare gold surface (Figure 3.2). Removal of the PDMS stamp and exposing the surface to a 
tetra(ethyleneglycol)-undecanethiol (2, EG4, prevents non-specific protein absorption)29 
solution for 12 hours results in a patterned inert SAM surface presenting a gradient of  
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Scheme 3.1 Structures of molecules used for gradient patterning, surface characterization, 
and cell experiments. 
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Figure 3.1 SPREAD methodology: inking PDMS microfluidic channels with a gradient of 
alkanethiols. A) A PDMS microfluidic stamp is placed on a glass substrate. B) An 
alkanethiol (5mM R-SH, in EtOH) is flowed into the device, controllably permeating and 
diffusing into the walls of the microfluidic channels. C) Evacuation of the microfluidic stamp 
and timed diffusion further perpetuates the gradient, allowing control of gradient length. 
Inset) cross sectional perspective of alkanethiol gradient radiating away from the 
microfluidic channel. 
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Figure 3.2 Fabrication of surface gradients presenting cell adhesive RGD peptide. A) 
Printing a stamp inked with 1 directly onto a gold substrate creates B)  a gradient oxyamine 
terminated SAM. C) The remaining bare gold regions are backfilled with EG4 to form a SAM 
that is inert to non-specific cell attachment.  Addition of ketone containing ligands results in 
the immobilization of ligands via an oxime linkage. (Bottom) Characterization of a 
representative gradient generated by the gradient stamping method and reaction with a 
ketone-rhodamine. Fluorescence intensity profile of the SPREAD gradient on a gold surface 
showing a linear slope extending ~200 µm. 
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oxyamine-alkanethiol capable of chemoselective ligand immobilization.30 As a technical 
note, a SPREAD inked PDMS stamp can be used repeatedly to print patterned gradient 
SAMs to many additional gold surfaces, but best reproducibility is attained by using freshly 
permeated stamps for a single printing. This is due to the minute quantities of R-SH 
permeating the PDMS microfluidic device, as each subsequent stamping consumes a 
significant amount of the total ink (alkanethiol) remaining within the stamp.  
To characterize the gradients produced by the SPREAD inking and printing 
technique, ketone-functionalized rhodamine (3) was reacted to the oxyamine terminated 
gradient SAMs.12 Visualization of the oxime conjugated surface with fluorescence 
microscopy clearly shows a SAM gradient with a linear slope (Figure 3.1). As a control, the 
surface was exposed to non-functionalized rhodamine, which lacks the ketone group, and no 
fluorescence was observed. Furthermore, when the oxyamine SAM surface is first reacted 
with acetone and then the ketone-rhodamine, no fluorescence is observed.  
Demonstrating the flexibility and reproducibility of the SPREAD technique, gradient 
length was analyzed as a variable of diffusion time within the PDMS and carrier solvent 
composition. By adjusting these simple parameters, a wide range of oxyamine alkanethiol 
SAM gradient lengths can be obtained (Figure 3.3). As shown in Figure 3.3A, by controlling 
the oxyamine alkanethiol diffusion durations, varying gradient lengths can be produced for 
subsequent patterning.  Figure 3.3B shows the role of solvent composition on diffusion 
within the PDMS for generating different length gradients.  These data demonstrate that a 
wide range of gradient lengths and, therefore, slopes can be readily produced with a single 
PDMS microfluidic device by easily controlled parameters, such as cosolvent composition 
and set time of diffusion. The method is broadly applicable, and is capable of  
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Figure 3.3 Gradient length characterization of printed oxyamine-alkanethiols on gold 
surfaces obtained using the SPREAD procedure in a microfluidic device. A) Diffusion length 
dependence on diffusion time of an ethanolic solution of 5 mM oxyamine alkanethiol. B) 
Gradient length dependence on CH2Cl2 co-solvent inclusion in a 5 mM oxyamine alkanethiol 
solution with 600 s diffusion time.  
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accommodating other solutes and materials (e.g. alkylphosphonates-ITO, alkylsilanes-glass) 
 To illustrate the flexibility of the SPREAD strategy to generate high-throughput and 
multiplex surfaces for cell behavior assays, we generated an array of SAM gradients using a 
“protect and print” method (Figure 3.4). This strategy relies on patterning a protective inert 
monolayer onto a gold surface to inhibit the subsequent printing of alkanethiol gradients onto 
the protected features. Using a microfluidic lithography (µFL) strategy, a high density EG4 
monolayer can be patterned directly onto a gold surface.28, 31, 32 The EG4 molecule in ethanol 
does not significantly permeate the PDMS cassette over the short time interval of µFL, and 
the protective monolayer can be formed in as little as 30 s when a solution of 1 mM EG4 in 
ethanol is flowed through the microfluidic device. After selective surface protection, a 
SPREAD inked PDMS stamp of alkanethiol (1) is printed onto the surface bisecting the 
protected features, which immediately generates a SAM gradient exclusively onto the 
unprotected bare gold surface regions. Backfilling the remaining surface with EG4 creates a 
patterned chemoselective gradient array for high-throughput assays of cell behavior.  
To visualize the array, a fluorescent ketone-functionalized rhodamine was 
immobilized. Characterization by fluorescence microscopy revealed the high fidelity of the 
protection process (Figure 3.4). Using this simple general method, it is possible to make 
microarrays of various shapes and sizes, including radial gradient microarrays. The level of 
control provided by the “protect and print” strategy to generate inert and chemoselective 
gradient arrays rapidly and inexpensively is important for performing cell behavior assays.  
 
3.3. Surface Gradients Orient Cell Migration 
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Figure 3.4 A “protect and print“ technique for creating chemoselective gradient arrays. A) A 
PDMS microfluidic cassette is placed directly onto a bare gold surface. A solution of EG4 (1 
mM, EtOH, 30 s) was flowed through the channels of this separate microfluidic device to 
generate a patterned EG4 SAM.  After surface protection and removal of the first 
microfluidic stamp from the surface, B) a PDMS device SPREAD inked with 1 is then 
stamped onto the surface (15 s) to create a oxyamine-terminated SAM gradient on the bare 
gold surface. C) Alkanethiol transfer does not occur on the blocked EG4 SAM regions. This 
allows for spatial separation of the gradient features. D) The remainder of the surface is then 
backfilled with EG4. (E, F) Subsequent reaction with a ketone-functionalized rhodamine 
shows an ordered gradient array. (scale bar = 80 µm). 
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To determine whether cell adhesive gradients could influence cell migration, gradients of 
dimensions 200 µm in width and 5 cm in length were produced (Figure 3.5A). These 
dimensions are chosen to accommodate single cells (average diameter 20-40 µm) and to 
ensure that only the effects elicited by a haptotactic gradient in one dimension are observed. 
Furthermore, this experimental setup should eliminate the effect of geometric boundaries to 
allow examination of cell behavior elicited solely by the gradients presented on the surface.  
To observe the underlying effects of adhesive ligand gradients on cell migration, a 
ketone functionalized RGD peptide (4, Scheme 1) was immobilized to gradient microarray 
surfaces. The RGD peptide sequence is found in ECM proteins, including fibronectin and 
virtonectin, and is known to facilitate cell adhesion via cell integrin receptors.33 Cell 
migration was assayed on the fabricated gradients to determine whether migration 
preferences existed (Figure 3.5B). The results show that after cells adhere to the RGD 
peptide gradient they consistently migrate toward the higher RGD density. Fibroblasts bound 
to the highest density RGD tended to migrate parallel to high density regions, only migrating 
to low density regions when cell-cell contacts force cells to override the patterned surface 
guidance cues. As controls, when the surface does not present RGD or presents scrambled 
peptide (RDG), cells do not adhere, thus showing that the surface is inert to non-specific cell 
attachment. These data confirm that surface gradients manufactured via the SPREAD 
technique are haptotactic. 
 
3.4. Micrometer-scale Surface Gradients Orient Cell Polarity 
 
The ability for a cell to polarize and therefore generate asymmetry within itself is a  
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Figure 3.5 Cell migration is directed by the SPREAD gradient presenting RGD peptides.  A)  
Cartoon showing a fibroblast cell migrating towards the higher RGD peptide density region 
of the gradient.  B)  A vector histogram showing the distribution of cell migration direction 
on the RGDS peptide gradient (n = 75).  Cells consistently migrate towards the higher 
density region of the gradient. 
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fundamental cellular process strongly influenced by environmental factors and is critical for a 
range of biological processes.34, 35 In order to migrate, cells must polarize and establish 
cellular asymmetry, inducing reorganization of the cytoskeleton and organelles responsible 
for directed migration. This process typically results in the alignment of the nucleus and 
Golgi/centrosome in the direction of polarization, called the polarization vector. Cells often 
polarize in response to external cues from the extracellular matrix.36-38  The role of the 
underlying adhesive environment is critical to establishing cell polarity, but is not well 
understood. Swiss 3T3 fibroblast cells were confined to small patterns (50 µm width x 150 
µm gradient length) where the cells could attach and become polarized. After 16 h, cells were 
fixed and stained for polarity via immunofluorescence staining. 
 The most conclusive method to determine cell polarity is to measure the vector 
between the cell nucleus and concentrated Golgi or centrosome, which can be visualized 
using fluorescent dyes to map the direction of polarity.36   As can be seen in the series of 
representative fluorescent micrographs in Figure 3.6, adherent cells on the gradients adopt a 
morphology in which the cells polarize towards the high density RGD region.  On high 
density features, the fibroblasts polarized parallel to the highest density RGD surface 
features. Fibroblasts that initially attach to the lower density regions consistently orient their 
polarity vector towards higher RGD ligand density, and in the absence of cell-cell contacts 
results in surface directed migration. As controls, addition of soluble RGD peptide (1 mM, 
20 min) detaches cells adhered to RGD immobilized gradients.  When no RGD peptide is 
immobilized, almost no cells adhered to the surface, indicating the surface is inert to non-
specific cell attachment.   
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Figure 3.6 Cell adhesion and polarization on RGD SAM gradients created with SPREAD 
inking and stamping. (Top Left) A fluorescent gradient array with the corresponding cell 
patterned RGD-peptide array (see text for details, scale bar = 100 µm).  (Top Middle) 
Cartoon of the polarity vector defining the direction between the nucleus center, centrosome 
center and Golgi center of a cell.  (Top Right) Representative polarized cell on a single 
gradient array.  The vector was used to define internal polarity on the SPREAD array 
gradients for the cells (scale bar = 5 µm). (Bottom Row) An oval radial gradient with the 
corresponding RGD-peptide presenting gradient (scale bar = 30 µm).  Cells adhered to the 
high peptide density region and polarized to the edge.  The net cell polarity vector 
consistently pointed outward (n = 20, >80%) from the center of the pattern for all radial 
gradient shapes.  
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3.5. Surface Gradients Orient Cell Division 
 
 Mitosis and cell division are fundamental biological processes that govern the 
replication of DNA, apportioning of the cell cytoplasm and organelles, and division into two 
separate and identical cells. During early embryonic development cells experience a range of 
physical-mechanical and hydrodynamic forces,4 and are continuously bombarded by soluble 
molecules and gradients of morphogens.3  The biochemical mechanisms of cell division (the 
separation of daughter cells) have been studied extensively and rely upon a cell’s cytoskeletal 
framework, which is highly influenced by the cell’s surroundings. These cells also rely on 
cell-cell contacts and attachment to the ECM to direct their movement for higher-order 
function.39 The ECM promotes integrin binding and focal adhesion formation, which anchors 
the cell’s complex system of microtubules, actin filaments, and other cytoskeletal proteins to 
its immediate environment.  
 Extracellular cues from the ECM that influence cell division patterns include 
geometric boundaries and molecular signals.3, 34, 40 Although recent research has shown that 
imposing geometric constraints on cells with micropatterned or nanopatterned ECM 
presenting surfaces effectively orient cell polarity and cell division, a more accurate in vivo 
replica of a true biological environment would utilize haptotactic surface gradients, on which 
a cell naturally interacts.38, 41-47 A general method for probing the effects of surface gradients 
on the cell division machinery would impact diverse scientific fields such as genetics, 
developmental biology, and cancer metastasis. 48  
 Utilizing the SPREAD technique, haptotoactic gradients 200 µm in width and 5 cm in 
length were produced (Figures 3.5). To reiterate, these dimensions were chosen to 
accommodate the average diameter of the cells being evaluated (20-40 µm) and to ensure 
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that only the effects elicited by a haptotactic gradient in one dimension are evaluated. The 
cell adhesive peptide RGD was immobilized, due to the critical role cell adhesion plays in 
anchoring a cell’s cytoskeletal framework to its surroundings. Cell division orientation of a 
genetically supplemented Rat2 fibroblast cell line on these adhesive gradients was observed 
and their orientation during cell division was tabulated (Figure 3.7).49  This cell line 
expresses m-Cherry labeled H2-histone and GFP-labeled α-tubulin (for determining the 
nucleus-nucleus vector of division and for approximating cell polarity) and enables time-
lapse high resolution fluorescence microscopy to be performed to observe cell organelle 
orientation on the gradients (Figure 3.8). These fluorescent indicators allow real time 
determination and correlation analysis of cell tubulin distribution and nucleus-nucleus 
vectors throughout the cell cycle.  
 The cell division data were categorized into two groups based on differences in cell 
behavior and the overall characteristics of the gradient region to which they are adhered; 
Region A presents the highest ligand density and ends abruptly, while Region B presents 
varying ligand density of a constant linear slope that ends asymptotically. Experimentally, 
Region A is defined as within 40 µm of the top edge and Region B is defined to be beyond 
40 µm.  
 Cells adhered to Regions A and B exhibit strong and unique cell division orientation 
preferences. On Region A, cells were observed to migrate and elongate along the high 
density regions of the gradient. Resulting cell divisions exhibited a strong tendency to 
position the resulting nucleus-nucleus vector along an identical ligand density during cell 
division. This preference confirms previous findings,43 in which cells stretched onto cell 
adhesive regions underwent cell division to produce two new cells divided in the  
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Figure 3.7 Experimental assay for determining single cell orientation of cell division 
preference on a gradient. (Top)  Cartoon showing a single cell migrating on a gradient and 
then undergoing division.  The nucleus-nucleus vector of cell division on Region A (higher 
density) and Region B (lower density) is determined by time-lapse microscopy and compared 
to the direction of the underlying gradient.  (Bottom) Overlay images of a Rat2 cell 
undergoing cell division where the Nucleus and Golgi are fluorescently stained to observe 
the plane of cell division. Scale bar 10 µm.  
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Figure 3.8 Inverted microscope configuration for imaging live cell fluorescence on gold. A 
mixture of vacuum grease and 25 µm diameter microspheres are applied to the corners of the 
patterned substrate prior to placement directly on top of a petri dish, serving as the imaging 
chamber. Light from the Hg/Xe arc lamp passes through excitation and emission filters 
appropriate for the cellular fluorescence being observed (mCherry: Nikon G-2E/C, 540 
nm/620 nm; GFP: Nikon B-2E, 470nm/540nm) and is recorded on a CCD camera (Roper 
Scientific, Coolsnaps HQ). 
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middle of the longside of the cell.  In contrast, cells further from the edge (Region B) were 
found to prefer cell division orientation parallel to the gradient (Figure 3.9B). Cells in this 
region do not experience any geometric boundaries but only sense differences in ligand 
density on the gradient surfaces.  As controls, on uniform patterns 200 µm x 5 cm (no 
gradient) presenting RGD peptide or fibronectin the cells had random cell division 
orientation in both Regions A and B (Figure 3.9D).  Furthermore, fibroblasts with focal 
adhesion kinase deficiency (FAK -/-), an important enzyme found in focal adhesions, showed 
random cell division orientation on the gradient (Figure 3.9C).50 These results suggest that 
the cell is strongly influenced by navigational adhesion gradients, mediated by integrin 
receptors, throughout cell division and cytokinesis and is consistent with observed 
phenomena such as asymmetric cell division resulting from differentiation in neural 
progenitor cells and stem cells.51  
 
3.6. Orientation of Single Cell Divisions in Confluent Monolayers 
 
 In addition to orienting cell division in the absence of cell-cell contacts, the same 
patterned surface gradients can provide a valuable glimpse of the cellular machinery as it 
would exist in confluent monolayers. Understanding hierarchical aggregates, such as 
confluent cells and tissues, is necessary to develop a cohesive paradigm for modeling cellular 
behavior in vivo.52 A preliminary study was performed to determine the overriding behavior 
of multiple cell contacts on cell division behavior. High density fibroblast monolayers were 
patterned onto cell adhesive RGD surface gradients identical to those produced for single cell 
studies. Cell division orientation was then observed in confluent cell monolayers patterned  
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Figure 3.9 Orientation of single cells undergoing cell division on cell adhesive RGD peptide 
gradients. (Top) Observed cells undergoing cell division in region A and region B of the 
gradient.  Cells divide perpendicular to the gradient in Region A and parallel to the gradient 
in Region B. (Bottom) Vector histograms of cell division orientation. A) Cells divide 
perpendicular to the gradient in Region A (n = 48). B) Cells divide parallel to the gradient in 
Region B (n = 76).  C) A FAK knock-out cell line that is absent focal adhesion kinase shows 
no preference of cell division on Region A or B. D) With a uniform presentation of RGD 
peptides (no gradient) the Rat2 cells show random orientation of cell division. (scale bar 25 
µm) 
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on the gradients in Regions A and B (Figure 3.10).  
 It was observed that cells in Region A exhibit a nearly exclusive preference to orient 
the nucleus-nucleus vector perpendicular to the direction of the gradient (Figure 3.10A). This 
effect is believed to be caused by multiple cell-cell interactions and cell-crowding combined 
with the high ligand density terminating at the edge of the gradients in Region A. Cells in 
Region B, however, did not show any orientation preference during cell division(Figure 
3.10B). This result is in direct contrast with control experiments in which confluent cell 
monolayers patterned on uniform RGD or fibronectin surfaces (no gradient) orient their cell 
division parallel to the longest axis of the pattern. 
 These results suggest a mechanical response of confluent tissues to gradients due to 
cell crowding and connectivity between multiple cells’ cytoskeletal components. On uniform 
surfaces, single cells are unable to sense the geometric restrictions (5cm length vs. 40µm 
cell), but collectively a confluent monolayer experiences stress that cells reorient to 
accommodate. It was observed on gradients that terminate asymptotically that individual 
cells actively migrate towards lower RGD density to avoid cell-cell contacts, overriding the 
navigational signals from the gradient on the surface. Due to sub-optimal adhesion in the 
lowest density regions, cells eventually detach from the surface. This effect ameliorates stress 
due to cell crowding, inhibiting geometric constraints from influencing cell division 
orientation.  Furthermore, these results demonstrate cell behavior on gradients that is similar 
to traditional wound healing assays in which cells polarize towards empty regions and 
actively attempt to migrate into free space to avoid cell contacts. 
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Figure 3.10 Cell division orientation as part of a confluent monolayer of cells on a gradient. 
(Top) Illustration of the gradient and overlay image of a confluent layer of cells on the 
gradient. A) Cell division orientation on Region A is perpendicular to the gradient (n = 35).  
B) Cell division orientation is random in region B (n = 81).  The interplay of cell-cell contact 
and the underlying gradient contribute to determining the orientation of cell division. (scale 
bar 50 µm) 
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3.7. Conclusions  
 
 A simple and powerful new method is elucidated for creating micrometer scale 
surface gradients of arbitrary geometry. The SPREAD technique utilizes solute permeation 
and diffusion to create alkanethiol gradients in microfluidic devices that are printed onto bare 
gold surfaces to create SAM gradients. The methodology itself is conceptually composed of 
multiple features of the work pioneered by others,5, 6, 16 which are synergistically combined in 
the SPREAD technique. These rapidly manufactured gradients were characterized via 
fluorescence microscopy and applied in cell behavior assays mediated by the biologically 
active peptide RGD.  
 Cells on gradients are presented with a full 360 degrees of orientation possibilities 
and display strong preferences to orient internal cytoskeletal components based on their 
location on a gradient. It was observed that gradients of 200 µm in length are haptotactic and 
directed cell migration with high fidelity. It was also demonstrated that these same gradients 
polarize cells towards high density cell adhesive surface features. These results have great 
potential for future research in many fields due to importance in studies of wound repair and 
developmental biology.. Finally, these same gradients were shown to orient single cell 
divisions, indicating a high level of organization imbued by the ECM to each individual cell. 
We also noted that gradients inhibited confluent cells from orienting their divisions as they 
normally would on a rigid and uniform pattern, illustrating the unique networking and/or 
stress sensing capabilities of hierarchical cell aggregates, most likely due to junctions 
involving cadherin proteins.53  The data suggest that mechanical stresses can override normal 
cell behavior dictated by surface features, and that gradients featuring asymptotic loss of 
adhesive peptides appear to relieve these same stresses.   
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 Future work with cells containing cytoskeletal deficiencies such as actin and 
microtubule defects, integrin receptor mutations, and multiple mitotic spindles will allow for 
biochemical analysis of the relationship between surface gradients and cell and tissue 
orientation during mitosis. Further extension of the SPREAD technique to pattern 96-well 
plates for high-throughput cell experiments is currently being pursued to enable cell division 
orientation screenings of cancer cell lines. This will help to identify cell defects (cytoskeletal 
components and integrin proteins) that are ultimately responsible for the observed cell 
division orientation preferences. Finally, an ability to activate small molecules on the surface 
via solution-orthogonal stimuli would permit modeling of dynamic processes within cells 
that respond to transiently generated molecular guidance cues.  Preliminary research into this 
area of future research is presented in Chapter 4.  
 
3.8. Materials and Methods 
 
PDMS cleansing.  Prior to use, all newly fabricated PDMS microfluidic devices were Soxhlet 
extracted with ethyl acetate for 6 hours.54 After a single use, the stamps were immersed in 
CH2Cl2 overnight to extract leftover thiols from the PDMS, and then placed in a vacuum 
chamber for 2 hours to remove the volatile solvent from the PDMS. 
SPREAD Inking and Printing Procedure. The cleaned PDMS cassettes were sealed onto the 
surface of a glass microscope slide, then 5mM hydroxylamine-undecane thiol in 1:1 
EtOH/CH2Cl2 was flowed into the microfluidic device and allowed for 30 seconds to 
permeate the PDMS. The device was then evacuated with the aid of negative pressure, and 
the thiol was given time to diffuse into the PDMS (12 minutes for microarray stamp inking, 4 
minutes for µCP inking). After diffusion, the PDMS stamp was removed from the glass 
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surface, and pressed onto a gold coated microscope slide for 15s. After printing, the surfaces 
were backfilled with EG4 to create surface inert to cell attachment.  
Fluorescence Visualization. For visualization, the surfaces were exposed to a fluorescent 
ketone functionalized rhodamine12 (10 mM, 3 hours). After dye immobilization, a thin piece 
of transparent scotch tape was placed on the surface, the SAM was thermally desorbed at 80 
◦C for 20 min, allowed to cool to RT, then carefully removed and attached to a clean glass 
substrate.   
RGD-ketone Functionalization. Surfaces were exposed to a 10 mM solution of RGD-ketone 
for 3 hours, and then rinsed thoroughly with water.  
Cell Seeding- For single cell assays, cells were trypsinized and then diluted to a 
concentration of 30,000 cells/mL. Cells were seeded onto the surfaces in DMEM solution 
only for 2 h. For confluent tissue assays cells were seeded at a density of 500,000 cells/mL 
for 3 h under otherwise identical conditions. Cell polarity was determined by 
immunostaining and fluorescence microscopy. To determine cell division vectors, cell nuclei 
were observed and a line was drawn between the center of the nuclei. This represented the 
vector of cell division.   
Immunostaining for Fluorescence Microscopy. Adherent cells were fixed with 3.2% 
paraformaldehyde in PBS for 10 min and then permeabilized with 0.1% Triton-X100 in PBS 
(PBST) for 10 min. For polarity, cells were stained with mouse anti-gigantin antibodies 
(1:400, BD biosciences) and phalloidin-tetramethylrhodamine B isothiocyanate (1:250, 
Sigma)  in PBST containing 5% goat serum for 1 h, followed by FITC-conjugated goat anti-
mouse IgG (1:400 in PBST, Jackson ImmunoResearch), phalloidin-tetramethylrhodamine B 
isothiocyanate (1:50 in PBST, Sigma), and DAPI (4’, 6-diamidino-2-phenylindole 
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dihydrochloride, Sigma) (1:500 in PBST) in 5% goat serum/PBST for 1 h. Substrates were 
rinsed with deionized water before being mounted onto glass cover slips for microscopy. All 
optical and fluorescent micrographs were imaged using a Nikon inverted microscope (model 
TE2000–E). All images were captured and processed by MetaMorph. 
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4. Dynamic control of peptide conformation on electrode surfaces 
 
4.1. Introduction 
 
Switchable chemistry is a critical component of dynamic polymers, molecular 
electronics, and nanotechnology.1-5 Chemical functional groups that are transformed or 
activated by physical stimuli are routinely incorporated into these advanced materials to 
impart them with dynamic functions. Important examples of recently developed stimuli-
responsive materials include dynamic surfaces with electronically actuated hydrophobicity,6 
dynamic hydrogels that selectively release therapeutic agents,7 self-assembled monolayer 
(SAM) surfaces that employ ultraviolet light to actuate small molecule conformation,8 and 
polymers that selectively bind and release cells according to changes in temperature. 9 
Biological systems require switchable chemistry to regulate internal cellular 
processes. Biomolecule presentation in ECM is regulated by intricate chemical messaging 
networks that can selectively activate cell proteins to perform complex intracellular 
functions. These typically involve small molecules that bind proteins and induce 
conformational shifts that selectively activate protein functions.  Developing dynamic 
switchable materials that can undergo molecular remodeling or conformational shifts in 
response to solution-orthogonal physical stimuli will provide novel strategies for stimulating 
and controlling biological functions both in vitro and in vivo. 10 
This section describes a method for switching Arg-Gly-Asp (RGD) peptide structures 
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using two orthogonal click reactions on an electroactive model ECM. It is shown that 
dynamic RGD peptides can be cyclized and linearized by applying electrochemical potentials 
to modulate cell adhesion and migration. This is the first example of a molecular switch 
being used to toggle small molecule structures on surfaces via a solution-orthogonal and 
biocompatible electrochemical cue. The dynamic covalent chemistry demonstrated herein 
may potentially be applied to hiding and revealing pharmaceuticals or small molecules. 
 
4.2. Switchable Hydroquinones Bind and Release Oxyamine Ligands 
 
Electrochemical switches are more numerous than any other type of switch owing to 
the diversity of redox-active organic molecules and metals available (see Chapter 1.4 for 
more details). Some common redox switches include quinonoids, ferrocenes, porphyrins, 
tetrathiafulvalene, and cyclic bipyridines, many of which have been utilized in biochemical 
reactions or tailored for nanotechnology.4, 11, 12 These switches can be activated and 
controlled by oxidation and reduction reactions, either by oxidizing and reducing agents in 
solution or direct electrochemical modification via voltammetry.  
It is well-known that SAMs of alkanethiolates on gold offer the ability to control the 
redox state of several functional moieties with electrochemistry (e.g. hydroquinone, 
ferrocene).11, 13-15 The only synthetic requirement for creating SAMs on gold is the presence 
of a thiol or disulfide moiety, both of which tolerate most organic functional groups.16-18 
Chan et al introduced an electrochemical ‘click’ methodology for immobilizing and releasing 
oxyamine(OA)-terminated ligands on HQ-terminated SAMs (see Figure 1.6).19, 20 The HQ 
moiety permits an electrochemical ‘click’ reaction to occur with OA-terminated small 
molecules that can be actuated for both immobilization and release of ligands. Although HQ 
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lacks a carbonyl, it can be oxidized to benzoquinone(BQ) form and reacted with amino-oxy 
terminated molecules to form a stable oxyimino-quinone(Qoxy).21 When the Qoxy is reduced to 
the aminooxy-phenol (AP), degradation of the amino-oxy group releases a primary alcohol 
and regenerates the HQ/BQ redox couple (Figure 4.1).  Several advantages inherent in the 
methodology include: facile incorporation of OA’s into biomolecules for subsequent 
conjugation, an ability to conjugate under biological conditions (pH 7.4, 37oC), and 
electrochemical control of redox state for switchable immobilization and release.  
 
4.3. Incorporating Switchable Chemistry into Surface Bound Peptides 
 
Motivated by the results of others who report the ability to bind and release cells 
presenting a cell adhesive RGD tripeptide coupled to diazobenzenes,8 and by the elegance of 
chemical communication systems inherent in biological systems, we sought to apply HQ/OA 
immobilization and release chemistry for modifying cell behavior on SAMs of 
alkanethiolates on gold with a dynamic RGD ligand. A general scheme illustrating the 
desired method for actuating molecular structures on surfaces was sought (Figure 4.2). By 
creating a SAM containing two ‘clickable’ functional handles, an electrochemically 
controlled ‘click’ and Huisgen azide/alkyne cycloaddition, a general strategy for 
immobilizing and switchably controlling molecular presentation on SAM surfaces was 
achieved. Huisgen azide/alkyne cycloaddition chemistry was chosen as an orthogonal and 
complementary chemoselective strategy due to the minimal steric size of the azide and 
alkyne moieties and for the broad and facile applicability of the chemical coupling 
methodology.22 To complement the dual chemoselective hydroquinone and azide functional 
groups presented by the SAMs and enable a general immobilization, activation, conjugation, 
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Figure 4.1  Oxyamine immobilization and release on hydriquinone terminated monolayers. 
(Top) Cyclic voltammograms of amino-oxy immobilization on HQ-N3 monolayers allows 
characterization of immobilization and release of ligands from the surface. (Bottom) 
Oxidation of HQ to BQ is electrochemically reversible. Immobilization of amino-oxy 
terminated molecules to BQ results in immobilization via a stable oxime bond, or Qox. In 
acidic solution, AP is stable, but under neutral conditions (aqueous pH 7.4) AP degrades to 
reproduce the HQ/BQ redox couple.  
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Figure 4.2 General methodology for immobilizing, activating, conjugating, and releasing 
small molecules and peptides on SAMs. (Left to Right) Small molecules are ‘clicked’ onto a 
bifunctional SAM presenting HQ and azide moieties. An applied oxidizing potential activates 
HQ, converting it to BQ, promoting intramolecular cyclization and formation of Qox on the 
surface. An applied reducing potential releases the oxime bond, converting the oxime to AP 
and a primary  alcohol. 
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and release strategy, small molecules and peptides with functionalized with oxyamine and 
alkyne coupling partners are required. Peptides, small molecules, and even oligonucleotides 
are routinely functionalized with both Huisgen cycloaddition and oxime conjugation 
chemistry, are readily incorporated into many biomolecules and have been shown to be 
mutually orthogonal chemoselective reactions.23-28  
A synthetic scheme was designed to incorporate azide and hydroquinone functional groups 
in close proximity into a small molecule alkanethiol. The synthesis is modular and provides a 
general framework for future modification of the system for alternative applications (eg 
SAMs on ITO,13 replacement of azide). The synthesis of (7), an alkanethiol containing a EG4 
linker, a secondary azide (for Huisgen cycloaddition), and a HQ is shown in Scheme 4.1. The 
introduction of a branching point for placing the two reactive functional groups, 
hydroquinone and azide, was performed by olefination of (1) followed by epoxidation of 
olefin (2) with m-chloroperoxybenzoic acid (MCPBA) to afford (3) in high yield. Although 
the THP protecting groups are susceptible to degradation in the presence of acid, the addition 
of two equivalents of sodium bicarbonate to the reaction mixture prevented deprotection, 
increasing the yield of the reaction to over 80% from 30% initially. Nucleophilic ring 
opening of the epoxide with sodium pthalimide at the primary carbon resulted in a free 
secondary alcohol, which was transformed to a mesylate, and substituted with sodium azide 
to provide (4) in a 90% 3-step yield. Deprotection of the pthalimide functional group in (4) 
with excess hydrazine in methanol yielded the free primary amine. For synthetic ease, the 
free amine was reacted with succinic anhydride to yield (5), and then coupled to (9, Scheme 
4.2) with HBTU and DIEA  to yield (6). Subsequent deprotection in DCM/TFA/TIPS 
removed THP and trityl protecting groups and yielded the target product (7) in near  
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Scheme 4.1 a) i. t-butyllithium, tetrahydrofuran (THF), 0 oC; ii. 1-bromoheptene, HMPA, 3 
h. b) MCPBA, bicarbonate, dichloromethane (DCM), 3 h, RT. c) i. bicarbonate, pthalimide, 
100 oC, 24 h. ii.) mesityl chloride, 10 eq. triethylamine (Et3N), THF, 1 h RT. iii. N,N-
dimethylformamide (DMF), sodium azide, 110 oC, 3 days. d) i. Hydrazine, methanol, 50 oC 
12 h.  ii. THF, succinic anhydride, 30 min, RT. e) DMF, HBTU, di-isopropyl-ethylamine, 9, 
2 h, RT. f) DCM, trifluoroacetic acid, triethylsilane, 30 min, RT.    
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Scheme 4.2. Synthesis of an amine-terminated trityl protected TEG molecule (9). a) DMF, 
sodium hydride (2 eq) at 0 oC, then 4 eq. 1,6-dibromohexane at RT, 4 h; b) potassium 
pthalimide, DMF, 80 oC, 6 h; c) Hydrazine, MeOH, Et3N, 50 oC.  
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quantitative yield.  Mixed SAMs composed of (7) and (8, Scheme 4.3) were constructed by 
immersing freshly evaporated gold surfaces in 1mM total mixed alkanethiol solution in 
ethanol. To confirm the availability of both the hydroquinone and azide functionalities to 
react selectively with their chemical partners on the surface, simple alkyne and oxyamine 
terminated ligands were immobilized onto the SAM surface (Figure 4.3).  Ethynyl ferrocene 
was immobilized to the SAM surface composed of 20 mol% (7) and 80 mol% (8) with 
standard ascorbic acid/CuSO4 Huisgen cycloaddition conditions.29 Further confirmation of 
ferrocene immobilization was obtained by characterization with matrix-assisted laser 
desorption ionization (MALDI) mass spectrometry of the surface (Figure 4.5). In a separate 
experiment the oxidized benzoquinone was reacted with methoxylamine to form Qoxy, which 
upon application of -100mV reducing potential degraded to the AP and methanol.  
 
4.4. Model Reaction: Huisgen Cycloaddition and Oxime Formation 
 
To confirm the mutual compatibility of the azide and hydroquinone, solution-phase 
experiments demonstrating 2-step immobilization, activation, conjugation, and release were 
performed and monitored by UV-Vis spectroscopy (Figure 4.4). The addition of copper(II) 
sulfate to the solution after Huisgen cycloaddition oxidized the HQ moiety to BQ, promoting 
cyclization via oxime bond formation. Reduction of Qoxy to APoxy resulted in release of the 
AP and alcohol products.  
 Although controlling both Huisgen cycloaddition and BQ-Oxime formation reactions 
appears to be straight forward and simple from a synthetic chemistry perspective, a key 
experimental detail warrants special consideration. Hydroquinone is easily oxidized to BQ by 
mild oxidizing agents, as discussed in Chapter 1. In controlling the two orthogonal ‘click’  
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Scheme 4.3. Peptides and small molecules for synthesis and surface tailoring  
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Figure 4.3 Cyclic voltammograms confirming surface reactivity by immobilized A) alkynyl 
ferrocene and B) methoxylamine onto hydroquinone and azide moieties. 
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Figure 4.4 UV-Vis characterization of intramolecular coupling of oxyamine and 
benzoquinone, and subsequent release to for the alcohol product. 
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Figure 4.5 MALDI of alkynyl ferrocene immobilization with tri-hydroxyacetophenone 
(THAP) matrix.  (disulfide expected) 
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reactions, the oxidative effects of copper(II) on HQ needed to be overcome. The common 
protocol for Huisgen cycloaddition suggests a pH above 8 (pH 7.5 was used experimentally 
in this dissertation) be used to deprotonate copper(I)-complexed alkynes and enable [4+2] 
cycloaddition. This poses two problems: 1) the presence of copper(II) in solution results in 
HQ oxidation to BQ causing cyclization to Qox, 2) oxidation of hydroquinone above pH 8 is 
not quantitative, resulting in many colored compounds that are difficult to characterize.  
Further compounding the problem is the presence of molecular oxygen in solution which 
rapidly converts copper(I) to copper(II).  
 To overcome all of the deleterious effects of copper(II), I developed a simple yet 
elegant solution to the problem: 10 mol equivalents of reducing agents vs. copper(II) 
equivalents were included in the solution, minimally exceedingly a concentration of 5 mM 
(to counteract the concentration of molecular oxygen in solution, ~1.5 mM). This effectively 
minimizes the amount of copper (II) present in solution, preventing both oxidation and 
degradation of HQ. However, an interesting point arises; ascorbic acid and dehydroascorbate 
have carbonyls that can potentially react with terminal amino-oxy functional groups. 
Fortunately, amino-oxy reactivity with dehydroascorbate is pH dependent and occurs very 
slowly above pH 6 (BQ reactivity is fast at pH 6 and 7 when intramolecular). Ultimately a 
combination of theory and experimental details was used to troubleshoot initially 
uncontrolled and unpredicted reactivity of both ‘click’ reactions.  
 
4.5. Switchable Peptides on Hydroquinone/Azide SAMs 
 
The target specificity of RGD peptides is strongly dependent on the conformation of 
the peptide backbone, and many studies have examined and compared linear and cyclic RGD  
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structures in solution through competitive binding assays.30, 31 Cyclic RGD peptides, in 
general, have a stronger affinity for cell integrins than linear RGD peptides. To demonstrate 
the immobilization of bifunctional ‘dynamic’ RGD peptides onto the SAM surface, a Pth-
RGDF-Pg peptide was synthesized via SPPS and installed via Huisgen cycloaddition to the 
surface. Although the pthalimide protecting group for the oxyamine is not necessary for 
immobilization, it prevents reaction of the free amino-oxy groups with BQ present in minute 
quantities due to auto-oxidation and trace copper(II) and enables better control over oxidative 
activation of the hydroquinone.  MALDI analysis of the surface showed complete conversion 
of azide terminated monolayer to peptide functionalized monolayer (Figure 4.6). Pthalimide 
deprotection in dilute hydrazine in methanol provided the free oxyamine group. The surface 
was then placed in PBS electrolyte solution and oxidized at 650 mV to promote conjugation 
via oxime formation. Reduction at -250 mV resulted in oxime release (Figure 4.7).  
To determine whether peptide conformation would affect cell behavior, cells were 
seeded on 1% dynamic peptide surfaces presenting cyclic RGDF (oxidized) and linear RGDF 
(oxidized then reduced, pH 7.4) and their behavior was observed via time-lapse microscopy 
Cells were observed to bind more strongly to the surface, as evidenced by a 19% greater cell 
adhesion diameter, and showed a 15% slower rate of migration compared to cells on linear 
RGDF (Figure 4.8). These observations are consistent with cell behavior observed on linear 
and cyclic RGD surfaces described in previous work.32 Staining of cell cytoskeleton and 
focal adhesions with phalloidin and anti-vinculin showed that cells on cyclic RGDF peptide 
exhibited a more intricately networked system of actin filaments and more focal adhesions 
than cells on linear RGDF.  As controls, a scrambled (GRFD) peptide was immobilized, to 
which cells did not adhere or bound very weakly and did not migrate on the surface due to an  
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Figure 4.6 MALDI, RGDPTh immobilization- sinapic acid matrix (thiol expected) 
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Figure 4.7 Electrochemically controlled cyclization and linearization of a synthesized 
PgRGDF-Oxy peptide containing alkyne and oxyamine functional groups. (Left to Right) 
Copper catalyzed azide/alkyne cycloaddition of PgRGDF-Oxy peptide onto the secondary 
azide installs an oxyamine terminated peptide on the surface. Oxidation of the HQ to BQ 
results in rapid cyclization. Reduction of Qox to AP results in cleavage of the N-O bond and 
linearization of the RGDF peptide.  
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Figure 4.8 Cell adhesion visualization on cyclized and linearized RGD peptides using 
dynamic chemistry. A) An adhered cell stained for cytoskeleton and vinculin (focal 
adhesions), illustrating greater cell spreading due to more focal adhesions between the cell 
and the high density cyclized RGD peptide. B) A stained cell on linearized RGD, showing 
more peripheral cytoskeletal filaments and focal adhesions. C) Data showing differences in 
cell adhesion diameter and migration rates (p < 0.05 n = 78 for cell adhesion, p < 0.1 n = 55 
for cell migration) 
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 inability of integrin receptors to recognize the peptide sequence. 
 Finally, to demonstrate the broad applicability of the methodology, an elongated 
RGDS peptide (11) was immobilized onto the surface to demonstrate a hide and reveal 
strategy. Spacer residues (Gly-Gly-Ser-Gly-Gly-Ser-Gly) were included to separate the 
biospecific RGDS sequence from the C-terminal end of the peptide, so that upon oxidation, 
the N-terminal oxyamine functional group reacts to form Qoxy, thereby shielding the RGDS 
sequence from cell integrin receptors (Figure 4.9). When the oxime is released, the RGDS 
sequence becomes available to bind cell integrin receptors. Cells did not adhere to cyclized 
peptide on surfaces presenting 0.5% peptide (11), but did adhere on surfaces presenting the 
revealed linear peptide, as shown in Figure 4.9. These results indicate future potential of this 
method to perform biomolecule hide and reveal for applications ranging from dynamic 
microarrays to wound healing and metastasis assays. 
  
4.6. Conclusion 
 
We have designed and implemented a general method for controlled electrochemical 
modulation of the structure of bifunctional RGD peptides and examined its effects on cell 
behavior. The methodology is efficient and broadly applicable to a wide range of biological 
and physical/mechanical studies, which can easily be reached by bifunctionalized small 
molecules. Future studies demonstrating diverse applications in cell biology (e.g. modulating 
cell polarity and differentiation) and mechanochemistry (electrochemical control of surface 
immobilized nanoscale features) should be pursued. Although electrochemistry was used to 
characterize and control the peptides on the surface, the mechanism of actuation can be 
controlled with solution phase oxidizing and reducing agents as well. Future experiments will  
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Figure 4.9 A dynamic hide and reveal strategy for biospecific RGDS ligand. A) (Left) A 
cyclized RGDS peptide is blocked to due steric hindrance of the blocking group, preventing 
cells from attaching to the surface. (right) A linear RGDS peptide is able to freely bind cell 
integrins, promoting cell adhesion and migration. B) Pharmacological profile of cell integrin 
detection of RGDS sequence availability on hide and reveal RGDS.  
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attempt to apply this strategy for redox-state dependent delivery of nanoparticles and 
pharmaceuticals.   
 
4.7. Materials and Methods 
 
 All reagents and solvents used in organic synthesis were obtained from Sigma-
Aldrich(St. Louis, MO) and Fisher Scientific (Waltham, MA) and used as received. Flash 
chromatography was performed using silica gel (230-400 mesh) purchased from Silicycle 
(Quebec City, Canada). Gold-coated microscope slides were prepared according to previous 
published works. 19 Solid phase peptide synthesis was performed in a CS Bio peptide 
synthesizer with Fmoc-protected peptide reagents purchased from Anaspec (Fremont, CA) . 
NMRs were obtained on a Bruker 400MHz NMR spectrometer. Mass spectrometry data were 
obtained by the University of North Carolina Mass Spectrometry Department. Unless 
otherwise noted, no attempt was made to control atmospheric conditions.  
Solid-Phase Peptide Synthesis of Oxy-RGDFPG/Pth-RGDFPg (10)-  The dynamic RGD 
peptides were synthesized using standard solid phase peptide synthesis in a CS Bio peptide 
synthesizer  at 0.1 mmol scale. Fmoc-propargyl glycine (Pg) was used to introduce a terminal 
alkyne moiety,  boc-aminooxyacetic acid was used to insert a hydroxylamine (OA) moiety, 
and N-hydroxypthalimideacetic acid33 was used to insert a N-hydroxypthalimide moiety (Pth, 
protected oxyamine) into the peptides. The peptide was obtained from the resin after treating 
with 10 mL of TFA containing 5% water and 5% triisopropylsilane (TIPS) for 2 h under 
bubbling nitrogen. The filtrate was mixed with diethyl ether (40 mL) and the mixture was 
centrifuged at 3000 rpm for 5 min to obtain a white precipitate. The precipitate was 
lyophilized overnight to obtain a white solid.  ESI Pth-RGDFPG- Expected: 790.3, observed 
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791.3 [M+H]+ ; ESI OA-RGDFPG- Expected: 660.30, observed 661.30 [M+H]+; ESI Oxy-
RGDSGSGGSGGPg- Expected 1130.4, observed 1131.4 [M+H]+ 
Huisgen cycloaddition peptide immobilization. Surfaces were exposed to an aqueous 2 mM 
solution of dynamic RGD solutions with 5 mol% CuSO4, 100 mol% ascorbic acid/sodium 
ascorbate (1:20), at pH 7.5 for 2 hours. After ‘click’ functionalization the surface was rinsed 
thoroughly with water and methanol. A potential linear sweep was performed from -250 mV 
to 650mV to oxidize the hydroquinone to benzoquinone and induce cyclization. To monitor 
and induce release of the oxime 5 full cyclic voltammetry sweeps from -250 mV to 650 mV 
were perfomed. Full oxime release was determined by shifting of the hydroquinone redox 
peaks to their original potentials. To obtain better chemical control of the system and to 
obtain best electrochemical results, a terminal N-hydroxypthalimide was incorporated into 
the dynamic RGD peptides, which was deprotected by immersion of the surface in 100 mM 
hydrazine in MeOH for 10 min prior to electrochemical characterization.  Confirming the 
selectivity of the deprotection, no hydroquinone redox shifts were observed when unreacted 
surfaces of 7 and 8 were placed in the same pthalimide cleavage solution.  
Cell Culture. Swiss Albino 3T3 fibroblasts (ATCC) were cultured in Dulbecco’s Modified 
Eagle Medium (Gibco) containing 10% calf bovine serum and 1% penicillin/streptomycin.  
Cells were removed with a solution of 0.05% trypsin in 0.53 mM EDTA, re-suspended in 
serum-free medium (100,000 cells/mL) for cell seeding, and allowed 2 hours to attach to the 
surface prior to the addition of serum-containing media. For passage, cells were resuspended 
in the same 10 mL of medium that they were growing in, and 3 mL was transferred to 7 mL 
of fresh medium in a new flask.  
Cell Staining and Microscopy. Cells were fixed with 3.2% formaldehyde in Dulbecco’s PBS 
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buffer (Sigma, St. Louis, MO). The cells were then permeated with Dulbecco’s PBS buffer 
containing 0.1% Triton X – 100, a combination of fluorescent dyes were used to visualize the 
fibroblasts: phalloidin-tetramethylrhodamine B isothiocyanate (Sigma, St. Louis, MO) for F-
actin cytoskeleton, anti-vinculin rabbit anti-mouse primary antibody then Cy2-goat anti-
rabbit secondary antibody. Fluorescence images were taken using a Nikon Eclipse TE2000-E 
inverted microscope (Nikon USA, Inc., Melville, NY) and data analyzed by Metamorph 
software. 
Preparation of gold-coated MALDI sample plates. Gold-coated MALDI sample plates (81 x 
81 mm) (Applied Biosystems, Foster City, CA) were prepared by electron-beam deposition 
(Thermionics Laboratory Inc, Hayward, CA) of titanium (5 nm) and then gold (12 nm). In 
order to form self-assembled monolayers (SAM) of alkanethiolates on the plates, the slides 
were immersed in a 1 mM solution of (7) and EG4 in EtOH for 12 h, rinsed with EtOH and 
dried. 
MALDI TOF/TOF Analysis. MS analysis was carried out using an AB SCIEX TOF/TOFTM 
5800 System (Applied Biosystems, Foster City, CA). tri-hydroxyacetophenone (5 mg/mL) or 
sinapic acid (5 mg/mL) in MeOH were pipetted onto the surface to form a thin matrix layer. 
MALDI analysis was performed using 25% laser power. Spectra were magnified to focus on 
molecular ions and their isotope patterns. 
2,2'-(2-(hept-6-enyl)-1,4-phenylene)bis(oxy)bis(tetrahydro-2H-pyran) (2)- To a solution of 
(1) (4.15 g, 15.0 mmol) in dry THF (80 mL) at 0 oC was added 10.2 mL tert-butyllithium (1.7 
M, 18.0 mmol) dropwise over 15 min.  Upon addition the solution turned a bright yellow 
color. After 30 minutes the solution faded to a pale white color, and 7-bromoheptene (2.5 
mL, 22.5 mmol) and hexamethylphosphoramide (HMPA, 10 mL, excess) were added. After 
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3 h, the solution was extracted with 50 mL diethyl ether and saturated ammonium chloride (2 
x 50 mL) and then brine (1 x 50 mL). Solvent evaporation and column chromatography 
(85:7.5:7.5 Hex:DCM:EA) yielded (2) (3.71g, 67%)  as a clear oil. 1H NMR: δ7.03(d, 1H), 
δ6.83(m, 2H), δ5.74 (m, 1H), δ5.32(s, 2H), δ4.95 (m, 2H), δ3.92(quartet, 2H), δ3.61(m, 2H),  
δ2.62(t, 2H), δ2.01(m, 4H), δ1.85(m, 4H), 1.4-1.65(m, 14H). 13C NMR: δ149.93, 139.13, 
132.97, 118.50, 115.33, 114.45, 114.13, 97.17, 96.93, 62.02, 61.93, 33.73, 30.74, 30.55, 
30.01, 29.09, 28.82, 28.69, 25.37, 25.32, 19.01, 18.96. MS: Expected- 374.2, Observed - 
397.2 [M+Na]+. 
2,2'-(2-(5-(oxiran-2-yl)pentyl)-1,4-phenylene)bis(oxy)bis(tetra-hydro-2H-pyran) (3)- To a 
solution of (2)(3.5 g, 9.88 mmol) in 50 mL of dichloromethane at 0 oC was added meta-
chloroperoxybenzoic acid (2.42 g, 77% purity, 19.7 mmol) and sodium bicarbonate (4.19 g,  
40 mmol). After 3 h, the solution was extracted 5 times with 1 M sodium carbonate and then 
brine. Solvent evaporation and column chromatography (80:15:5 Hex:EA:DCM) yielded (3) 
(3.1 g , 85%),  as a pale yellow oil. 1H NMR: δ7.03(d, 1H), δ6.83(m, 2H), δ5.32(s, 2H), 
δ3.92(quartet, 2H), δ3.59(m, 2H), δ2.93(s, 1H), δ2.75(t, 1H), δ2.62(t, 2H), δ2.47(m, 1H), 
δ2.01(m, 2H), δ1.85(m, 4H), 1.4-1.65(m, 14H). 13C NMR: δ151.5, 149.9, 132.8, 118.5, 
115.3, 114.5, 97.2, 97.0, 62.0, 62.0, 52.3, 47.0, 32.4, 30.7, 30.5, 30.4, 30.0, 29.3, 25.8, 25.3, 
25.3, 19.0, 18.9   MS: Expected- 390.1, Observed [M+ Cs]-523.1. 
2-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptyl)isoindoline-1,3-dione (4)-
To a solution of epoxide (3) (0.22 g, 0.60 mmol) in 10 mL DMF was added pthalimide (0.25 
g, 1.8 mmol) and sodium bicarbonate (0.15 g, 1.8 mmol). The solution was heated at 90 oC 
for 24 h for near quantitative conversion.  The DMF solution was extracted with 2 x 25 mL 
0.1 M NaOH  and EtOAc/Hex, dried over brine and evaporated in vacuo. The resulting 
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product was dissolved in 20 mL THF, then mesityl chloride (256 uL, 1.8 mmol) and 
triethylamine (750 uL, 6 mmol) were added and stirred for 3 h. Separation with water and 
EtOAc/Hex provided the mesylated product as a pale oil. This product was dissolved in 7mL 
DMF, and then sodium azide (0.156 g, 2.4 mmol) was added and the mixture was stirred at 
110 oC for 3 days. The product, (4) was obtained in 90% yield overall. 1H NMR: δ 7.85 (d, 
2H), δ 7.65 (d, 2H), δ7.03(d, 1H), δ6.83(m, 2H), δ5.32(s, 2H), δ3.92(quartet, 2H), δ 3.74(dd, 
1H), δ 3.70 (m, 2H), δ3.59(m, 2H), δ2.62(t, 2H), δ2.01(m, 2H), δ1.85(m, 4H), 1.4-1.65(m, 
14H).  MS: Expected -  537.3, Observed - 560.37 [M+ Na]+. 
4-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptylamino)-4-oxobutanoic acid 
(5)- Hydrazine(200 uL, excess) was combined with (4) in methanol and heated at 60 oC for 
12 h.  The resulting product was evaporated to dryness, redissolved in 10 mL DMF, and 
reacted with succinic anhydride. Purification by column chromatography (48:48:4 
Hex:EA:Acetic Acid) yielded (5) (0.24 g, 80%).  . 1H NMR: δ7.03(d, 1H), δ6.83(m, 2H), 
δ5.32(s, 2H), δ3.92(quartet, 2H), δ3.59(m, 4H), δ2.93(m, 1H), δ2.40-2.70(m, 6H), δ2.01(m, 
2H), δ1.85(m, 4H), 1.4-1.65(m, 14H). 13C NMR: δ183, 169, 151, 149, 132, 118, 115, 114, 
97, 97, 62, 62, 43, 36,  32, 31, 30, 30, 30, 30, 29, 25, 25, 25, 19, 18. MS: Expected: 532.4, 
observed, 555.4 [M + Na]+ . 
N1-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptyl)-N4-(1,1,1-triphenyl-
14,17,20,23,26-pentaoxa-2-thiado-triacontan-32-yl)succinamide (6)- Purified (5) ( 0.612 g, 
1.2 mmol), was dissolved in 10mL DMF, then combined with O-Benzotriazole-N,N,N’,N’-
tetramethyl-uronium-hexafluoro-phosphate (HBTU, 0.45 g, 1.2 mmol) and diisopropyl-
ethylamine (DIEA, 0.36 mL, 2.4 mmol) and allowed 30 min to activate the carboxylic acid 
moiety. Amine (9) (0.86 g, 1.2 mmol) was then added to the solution and reacted for 2 h. 
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Solvent was removed by rotary evaporation followed by column chromatography (45:40:15 
Hex:EA:EtOH) to yield 6 (75%). 1H NMR: δ7.40(d, 6H), δ7.36(t, 6H), δ7.20(t, 3H), 
δ3.65(m, 13H), δ3.60(m, 4H), δ3.45(m, 6H), δ2.13(t, 2H), δ1.70(m, 4H), δ1.60(m, 4H), δ1.1-
1.5(m, 24H).  MS: Expected - 1235.6, Observed - 1258.6 [M + Na]+. 
N1-(2-azido-7-(2,5-dihydroxyphenyl)heptyl)-N4-(30-mercapto-7,10,13,16,19-penta-
oxatriacontyl)succinamide (7)- Purified (6) (0.14 g, 0.12 mmol)) was dissolved in 5 mL 
DCM and then a 5 mL solution containing 90% TFA, 5% H2O, 5% triethylsilane was added. 
The reaction was stirred for 30 min, solvent evaporated, and chromatographed (90:10 
DCM:MeOH) to yield (7) (0.081 g, 0.10 mmol, 85%) 1H NMR: δ7.40(d, 6H), δ7.36(t, 6H), 
δ7.20(t, 3H), δ3.65(m, 12H), δ3.60(m, 4H), δ3.45(m, 6H), δ2.69(t, 2H), δ2.13(t, 2H), 
δ1.70(m, 4H), δ1.60(m, 4H), δ1.1-1.5(m, 24H).  MS – Expected 825.4, Observed - 826.4 (M 
+ H)+.   
32-bromo-1,1,1-triphenyl-14,17,20,23,26-pentaoxa-2-thiadotriacontane (13) 
(12) was prepared according to a previous publication.34 (12) was reacted with NaH (2 eq) in 
DMF at 0 oC for 3 h, and then 1,6-dibromohexane (4 eq) was added and the solution was 
stirred for 12 h. Solvent evaporation and column chromatography (70:30 Hex:EA) yielded 
(13) in 45% yield. 1H NMR: δ7.43 (d, 6H), δ7.30 (t, 6H), δ7.20 (t, 3H), δ3.65 (m, 12H), 
δ3.55 (m, 4H), δ3.35-3.50 (m, 6H), δ2.15 (t, 2H), δ1.80 (quin, 2H), δ 1.60 (m, 4H, 1.1-1.55 
(m, 22H). 13C δ 145.1, 129.6, 127.8, 126.5, 71.5, 71.3, 70.6, 70.2, 70.1, 32.7, 32.1, 29.6, 29.5, 
29.5, 29.2, 29.0, 28.6,  28.0, 26.1, 23.3. MS: Expected – 784.3, Observed – 807.3  [M+Na]+ 
and 917.3 [M+Cs]+. 
1,1,1-triphenyl-14,17,20,23,26-pentaoxa-2-thiadotriacontan-32-amine (9) 
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Hydrazine (200 uL, excess) and triethylamine(6 mmol) were combined with (13) in methanol 
and heated at 60 oC for 12 h.  The resulting product was evaporated to dryness and purified 
by column chromatography (80:15:5 DCM:MeOH:Et3N) to yield (9)(0.24g, 80%). 1HNMR: 
δ7.43 (d, 6H), δ7.30 (t, 6H), δ7.20 (t, 3H), δ3.65 (m, 12H), δ3.60 (m, 4H), δ3.45 (m, 6H), 
δ2.60 (t, 2H), δ2.15 (t, 2H), δ1.75 (broad, 3H), δ 1.60 (m, 4H, 1.1-1.55 (m, 22H). 13C δ 
145.1, 129.6, 127.8, 126.5, 71.5, 71.3, 70.6, 70.2, 70.1, 59.4, 42.1, 33.7, 32.1, 29.6, 29.5, 
29.4, 29.3, 29.1, 28.9,  28.6, 26.7, 26.0, 25.9. MS: Expected – 721.3, Observed 722.3 
[M+H]+, and  854.2 [M+Cs]+. 
2-(6-azidohexyl)benzene-1,4-diol (15)-  Sodium azide (2 eq.) was added to a solution of (14) 
in DMF (50 mM). The solution was heated to 60 oC for 6 h to drive azide substitution to 
completion. The solution was extracted with water and 1:1 Hex:EA and then concentrated by 
rotary evaporation. This material was dissolved in 90:10 MeOH: 1 M HCl and heated to 90 
oC for 12 h. The solution was concentrated, and then re-dissolved in ethyl acetate. Extraction 
of the solution twice with water and then brine yielded pure (15). 1H NMR- δ6.63(2H, d), 
δ6.57(1H, d), 4.78(2H, broad), δ3.29(2H, t), δ2.58(2H, t), δ1.65(4H, quintet), δ1.41(4H, m). 
13C NMR- δ149, 147, 129, 116.9, 116.3, 113, 51, 29.9, 29.4, 28.8, 28.7, 26. 
2-(6-(4-(9-(aminooxy)nonyl)-1H-1,2,3-triazol-1-yl)hexyl)benzene-1,4-diol (16)- A solution of 
(15) and (19) in methanol/50 mM HEPES buffer at pH 7.5 was prepared. In a 1 mL 
centrifuge tube, 600 uL CuSO4 (10 mol%) and sodium ascorbate (100 mol%) were combined 
and allowed to react without agitation for 5 minutes to convert all Cu2+ into the Cu+ catalyst 
for huisgen cycloaddition. Triethylamine (20 mol%) was added to stabilize the Cu+ and  
accelerate the cycloaddition reaction. The copper solution was transferred to the reactant 
solution and then allowed to react and monitored by TLC. The reaction was complete after  
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Scheme 4.4 Model reaction: ‘Click-Electrochemical-Click-Release’ 
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approximately 3 h. The solution was then extracted with ethyl acetate and water, then 
concentrated to produce pure (16). 1H NMR- δ7.27(s, 1H), δ6.63(d, 2H), δ6.57(d, 1H), 
4.78(2H, t), δ3.65(t, 2H), δ2.70(t, 2H),  δ2.58(t, 2H),  δ1.85(t, 2H) δ1.5-1.7(m, 6H), δ1.2-
1.4(m, 14H). MS- No molecular ion observed, reacted to form 17 or decomposed. 
Cyclization Product(17). A methanol solution of (16) was prepared and 100 mM CuSO4 was 
added to oxidize the HQ moiety to BQ. The reaction was extracted with ethyl acetate and 
water to remove copper from the solution. Complete conversion was observed within 1 h. 1H 
NMR- δ7.40(s, 1H), δ7.27(d, 2H), δ6.50(d, 1H), 4.40(m, 4H), δ2.70(t, 2H), δ2.40(m, 2H),  
δ1.85(t, 2H) δ1.5-1.7(m, 6H), δ1.2-1.4(m, 14H).MS: Expected – 398.2, Observed – 399.26 
[M+H]+ and 421.25 [M+Na]+. 
Released Product(18)- A 50 mM solution of (17) in methanol was prepared and added to 100 
mM dithiothreitol dissolved in water. Full conversion to (18) was observed within 24 h. 1H 
NMR- δ7.27(s, 1H), δ6.63(d, 1H), δ6.59(dd, 1H), δ6.50(s, 1H), δ 6.00(s, 1H), 4.78(s, 1H), 
δ3.65(t, 2H), δ2.70(t, 2H),  δ2.58(t, 2H),  δ1.90(t, 2H) δ1.5-1.7(m, 6H), δ1.2-1.4(m, 14H). 
MS: Expected – 403.3, Observed – 426.28 [M+Na]+. 
O-(undec-10-ynyl)hydroxylamine(19)- 11-undecyn-1-ol, was dissolved in 10 mL THF. 
Mesityl chloride (3 eq.) and Et3N (6 eq) was added to the solution and allowed to react for 2 
h. The solution was extracted with 1:1 Hex:EA and water, then the organic layer was dried 
and concentrated via rotary evaporation. The resulting pale oil was dissolved in 10 mL DMF, 
and bicarbonate and N-hydroxypthalimide were added to the solution and heated at 60 oC for 
12 h. The solution was taken up into 1:1 Hex:EA and extracted twice with 1 M sodium 
carbonate and twice with water. This solution was concentrate to a pale oil, then redissolved  
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Scheme 4.5 Synthesis of oxyamine terminated alkyne (19) 
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in DCM. Hydrazine hydrate (200 µL, excess) was added to the solution and allowed to react 
at room temperature for 3 hours. The solid formed over the course of the reaction was 
filtered, and the filtrate was concentrated and chromatographed (70:30 Hex:EA) to provide 
pure (19). 1H NMR: δ5.12(broad singlet, 2H), δ3.63(t, 2H), 2.18(t, 2H), δ1.90(s, 1H), δ1.40-
1.59(m, 4H), 1.2-1.39(m, 10H). MS: Expected – 183.1, Observed 184.1 [M+H]+. 
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4.8 Spectroscopic Characterization 
 
 Following are NMR and mass spec data supporting the synthesis of new molecules in 
chapter 4. Each of the following characterizations includes an image of the molecule 
synthesized showing peak assignments followed by all other spectra obtained for that 
molecule.  
2,2'-(2-(hept-6-enyl)-1,4-phenylene)bis(oxy)bis(tetrahydro-2H-pyran) (2) 
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2,2'-(2-(5-(oxiran-2-yl)pentyl)-1,4-phenylene)bis(oxy)bis(tetra-hydro-2H-pyran) (3) 
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2-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptyl)isoindoline-1,3-dione (4) 
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4-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptylamino)-4-oxobutanoic 
acid (5) 
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N1-(2-azido-7-(2,5-bis(tetrahydro-2H-pyran-2-yloxy)phenyl)-heptyl)-N4-(1,1,1-triphenyl-
14,17,20,23,26-pentaoxa-2-thiado-triacontan-32-yl)succinamide (6) 
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N1-(2-azido-7-(2,5-dihydroxyphenyl)heptyl)-N4-(30-mercapto-7,10,13,16,19-penta-
oxatriacontyl)succinamide (7) 
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32-bromo-1,1,1-triphenyl-14,17,20,23,26-pentaoxa-2-thiadotriacontane (13) 
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1,1,1-triphenyl-14,17,20,23,26-pentaoxa-2-thiadotriacontan-32-amine (9) 
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2-(6-azidohexyl)benzene-1,4-diol (15)   
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2-(6-(4-(9-(aminooxy)nonyl)-1H-1,2,3-triazol-1-yl)hexyl)benzene-1,4-diol (16) 
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Cyclization Product(17) 
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Released Product (18) 
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O-(undec-10-ynyl)hydroxylamine(19) 
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